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FOREWORD 


This papei was piepared by the Space Division of North 
Ameiican Rockwell Corpoiation and its team member the Convait 
Division of General Dynamics It deals with' details of the Phase B 
Space Shuttle Definition Program and the oveiall scope of the design 
and test activity being performed under the direction of NASA’s 
Manned Spaceciaft Centei at Houston, Texas The material con- 
tained in the paper was developed specifically for a National 
Aeronautics and Space Administration/European Launch Develop- 
ment Oigamzation (NASA/ELDO) Shuttle conference held m Bonn, 
Germany 7-8 July 1970 
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1. PROGRAM 

The North American Rockwell Space Division and the Convair 
Division of General Dynamics welcome the opportunity to partici- 
pate in this review of the Space Shuttle Program by the National 
Aeronautics and Space Administration (NASA) and the European 
Launch Development Organization (ELEX)). It is encouraging to see 
the interest and enthusiasm that exists in Europe for the space 
program. It requires little imagination to envision the space shuttle 
being used to carry French, German, British, or, for that matter, any 
international payload into earth orbit, with flight crews and scientists 
from various nations. A further level of participation in the shuttle is 
also possible through teaming or subcontract arrangements. It is, 
therefore, timely at the outset of the Phase B to bring you up to date 
on details of the shuttle. The material discussed today will possibly 
provide a foundation for further communication between our 
governments and assist industry-to-industry discussions on programs 
of collaboration. Previous speakers have reviewed the primary reason 
why the United States strongly supports development of the space 
shuttle as the transportation system of the 70’s and 80’s. Therefcre, 
this paper will summarize the major aspects of the Space Shuttle 
Phase B Definition Program contract that was recently awarded by 
NASA to an industrial team headed by Space Division. The material 
is divided into the seven major sections, as specified in Figure 1-1. 

As will be seen from this outline, we will cover all aspects of the 
program, emphasizing the technical features of our baseline vehicles, 
operations, and the development program plan. In addition, we will 
briefly review the rationale we used in arriving at these baseline 
shuttle designs. The baselines provide a comprehensive definition of 
the total shuttle system — vehicles and the vehicle subsystems. These 
are to be used as points of departure, or as references, in investigating 
different approaches. During Phase B, the approaches will be 
compared to the baseline, and the system that meets the overall 
program cost objectives, the mission flexibility requirements, mission 
safety goals, and schedules will be selected. The contract for NASA 
will be performed by a team of major United States corporations 
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with extensive experience in the aircraft and space design, develop- 
ment, and operations fields. As Figure 1-2 illustrates. Space Division 
is the team leader and will be responsible for overall direction of 
Phase B contract. It will perform the overall program and system 
integration function and will be responsible for the preliminary 
design of the orbiter. This includes formulation of the development 
and operational plans and associated cost for this stage. Responsi- 
bility for the design and associated plans for the shuttle booster rests 
with Convair. The total integration of the avionics system for the 
shuttle will be carried out by Space Division. IBM will support in the 
area of data management systems. Honeywell will be responsible for 
the vehicle guidance control systems used on both the orbiter and 
booster. The team is rounded out by American Airlines. It will 
provide information pertaining to commercial aircraft operational 
experience and will support the program by studies on vehicle 
maintainability and the ground handling and turnaround. 
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• TEAM LEADER 

• PROGRAM/SYSTEMS 
INTEGRATION 

• SHUTTLE ORBITER 


Figure 1-2. Phase B Shuttle Team 


Space Division and Convair have long histories in aviation. Both 
have also made significant contributions to the United States space 
program. North American Rockwell built the X-15 airplane for 
NASA. This hypersonic research craft can be regarded as the first 
step in the shuttle program evolution in that it was a reusable rocket 
vehicle that explored a flight envelope similar to that the shuttle 
booster will fly on its normal mission. Referring to Figure 1-3, it will 
also be seen that Space Division’s most recent space experience was 
gained through the development, production, and operations support 
of the Apollo command and service module and the S-I! stage of the 
Saturn V launch vehicle. This performance provided in a most direct 
manner the technology and management experience necessary for 
undertaking a shuttle program. Convair Division of General Dy- 
namics was a pioneer in development of launch vehicle and cryogenic 
upper stages. It designed and built the Atlas booster, which put the 
first American astronaut into earth orbit. In addition, Convair 
developed the Centaur upper stage used in the Surveyor lunar landing 
program. It is also planned as the stage that will boost many future 
deep space exploration and planetary spacecraft. Recent experience 
ofour avionics and airline team members is summarized in Figure 1-4, 
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Figure 1-3, Introduction to North American Rockwell and General Dynamics 


Thus, by working together over recent months, and because of the 
proved space and aircraft program capability, we feel confident that 
we have assembled a team that can perform the shuttle definition 
study and, of course, successfully compete later for the hardware 
development. 
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Figure i-4. Introduction to IBM, Honeywell, and American Airlines 


The contract awarded by the NASA is 12 months in duration. 
As Figure 1-5 illustrates, it is divided into three major parts: vehicle 
configuration selection, preliminary design and evaluation of the 
vehicle subsystems, and preliminary design and documentation. The 
latter phase includes generation of detailed program plans and overall 
resource requirements definitions. The Phase B contract will be 
supported by a substantial test program. The tests will provide 
supporting data that will assist in the overall configuration selection 
and design. Further, the tests will guide the detailed definition in 
critical technology areas such as (1) establishing high-temperature 
insulation material properties; (2) establishing the characteristics of 
long-life, high-temperature materials suitable for the external surfaces 
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Figure 1-5. Phase B Contract Plan 


of the vehicles; (3) developing design details, weight, and perform- 
ance capabilities of integrated thermal protection systems; (4) veri- 
fying the aerodynamic characteristics of the vehicles; (5) predicting 
the thermal environment for vehicle design, and (6) evaluating the 
vehicle flight control systems. The phasing of these supporting tests, 
with respect to the vehicle design definition portions of the study, is 
illustrated in Figure 1-6. The contract performance will also be 
enhanced by the ongoing Phase B high-pressure main-rocket-engine 
studies and a large number of supporting technology development 
projects. Results of this companion effort will be fed continuously 
into the vehicle studies, as Figure 1-6 indicates. 

Overall management aspects of the Phase B program having 
been described, we will concentrate on the technical aspects of 
shuttle design and operation. The study will consider only two-stage, 
fully reusable, shuttle systems that could be operational in the latter 
half of the 1970’s. Figure 1-7 illustrates the major requirements that 
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• LIFTOFF WEIGHT 1.587 X 10® Kg 

• REF MISSION, SPACE STATION RESUPPLY - 500 Km X 55° ORBIT 
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• ORDER OF MAGNITUDE COST REDUCTION 


Figure i-7. Shuttle Requirements 
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were used in defining the current-shuttle system baselines we arc 
studying for NASA. As the figure shows, the designs arc based on a 
fixed gross liftoff weight of 1,587,000 kilograms. As a reference 
mission, it is assumed the shuttle will be used for crew rotation and 
logistics resupply of an earth orbiting space station. It should be 
noted, however, that, in the study, we will consider many other 
missions such as (1) satellite deployment; (2) satellite maintenance, 
repair, or retricvability; (3) transporting into earth orbit propulsion 
stages that would later be used for high-energy missions such as 
boosting a satellite to a geosynchronous orbit; (4) transporting 
propellants into orbit for loading into propulsion stages or space 
tugs, and (5) space rescue missions. As will be discussed in more 
detail later, two shuttle orbiters will be investigated in Phase B 
although only one will be developed. They will be designed to meet a 
cross-range requirement of 200 and 1500 nautical miles. (Cross range 
is defined here as the distance that the shuttle orbiter must be 
capable of aerodynamically traversing out of the plane of the orbit 
during entry.) The booster and orbiter will use the same basic 
LO 2 /LH 2 main rocket engine. It is a high-pressure, bell-nozzle engine 
that has a retractable nozzle. The contour of the nozzles may be 
uniquely configured to each stage beyond where the area ratio e = 6. 
Thrust level of this common engine is established as 181,400 
kilograms at sea level. The shuttle orbiter is designed such that it can 
accommodate a payload or cargo canister that is 18.3 meters by 4.6 
meters in diameter. The final major shuttle requirement is that each 
vehicle should be capable of performing at least 100 operational 
missions. 

As noted, shuttle designs will be developed to meet two 
cross-range requirements. Referring to Figure 1-8, it will be seen that 
this is a major configuration driver. The necessity to meet a high 
cross range (1500 nautical miles) means that the orbiter must be 
flown at a high hypersonic lift-to-drag ratio (L/D >1.8) during a 
major portion of its earth atmospheric entry maneuver. Flying at this 
attitude over a large distance means that the vehicle exposes 
substantial areas of its surface to high heating rates for a long period 
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of time as compared to the shoit cross-range vehicle Consequently, 
the high cross -1 ange vehicle must be provided with greater thermal 
protection In fact, the total heat load experienced by the high 
cioss-range vehicle is five to seven times gieatei than that realized in 
the limited cioss-range case (A comparison of the specific heat loads 
for orbiters is given later in this paper ) 
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(a= 60 O} 


• VARIABLE ANGLE OF ATTACK 

(0:^55070 100 ) 
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• MAX HEATING ON BASE ONLY 


• MAX SURFACE HEATING OVER TOTAL 

• THERMAL PROTECTION SYSTEM CRITICAL 
TO FEASIBILITY 

• CAN BE USED FOR HI & LOW ANGLE ENTRY 


Figure 1 8 Shuttle Configuration Requirements and Concepts 


This could cause very high temperatures in localized areas Limited 
hypersonic wind tunnel tests have been conducted by NASA to 
investigate this phenomenon on the straight wing oibitei 1 In tests 
conducted at M = 10 with the model at an angle of attack a = 60, the 
shock mterference effects were found to be only shghtly more severe 
than observed on other shuttle configurations As the authors noted, 
the tests were limited, but at least from our viewpoint, the results are 
promising 

Throughout most of the 1960^s, NASA, Space Division, 
Convair, and other companies, both in the United States and 
Europe, have investigated shuttle configuration concepts ^ This 
culminated last year m the award of Phase A studies on the Integral 
Launch and Reentiy Vehicle (ILRV) and Space Transport at ion 
Systems (STS) by the NASA and Air Force, respectively ILRV 
study results were presented to many of you at the Space Shuttle 
Symposium^ held last October in Washington These studies, 
supported by mote than 200 man-years of engineering effoit during 
the past 12 months and backed up by wind tunnel tests, extensive 
materials tests, and structures tests, resulted in selections of the 
baseline vehicles outlined in Figuie 1-9 The concepts investigated 
ranged from lifting body shapes to vaiiable-geometiy wing configura- 
tions The figuie illustrates fom geneuc classes of orbiters investi- 
gated It also lists some of the major criteria used to arrive at the 
baseline designs The check maiks indicate factois that weigh 


For the limited cross range case, the vehicle is flown close to the 
maximum lift coefficient (Cl) attitude (the L/D = 0 5 at max Cl)> 
that is to say, at a high angle of attack, typically a: = 60 degrees At 
this attitude, the majority of the aerodynamic heating is experienced 
across the base of the vehicle, the upper surfaces being in the shadow 
of the piimary shock system As a lesult, only limited thermal 
protection is lequued on the sides and uppei surfaces of the fuselage, 
wing, and empennage Flying at a high angle of attack, a fixed 
straight-wmg vehicle of the type selected can expect some shock 
interactions and mteiferences on the forward portion of the wing 


^Mini's, Maxi's and Mustard Considerations m the Sizing of International Space 
Transportation Systems Paper presented at the 16th Ahnual Meeting, 
American Astronautical Society, Anaheim, California (9 June 1970) by 
Raymond F Creasey, Director of Advanced Systems and Technology, British 
Aircraft Corporation 

^Heating Studies on Manned Space Shuttle Concepts Paper presented at the 
Space Technology and Heat Transfer Conference ASME, Los Angeles, 
California (21 24 June 1970) by Arthur Henderson, James C Dunavant, and 
Robert A Jones of NASA Langley Research Center Hampton, Virginia 

^Integral Launch and Reentry Vehicle Paper presented at the Space Shuttle 
Symposium, Washington, DC (16 17 October 1969) by George F Fraser, 
Space Division of North American Rockwell Corporation 
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favorably in the selection Liftmg-body vehicles have been studied 
and. tested by NASA for a number of yeais However, this class of 
vehicle was not competitive for the shuttle application because 

1 The body shape did not lend itself to efficient packaging/ 
installation of the laige cargo bay, propellant tanks, and 
major subsystems 

2 The double curvature of the body results in a vehicle that 
IS complex to fabricate Further, the body shape cannot be 
leadily divided into subassemblies and thereby simplify 
manufacturing 

3 The large base area yields a relatively low subsonic 
lift-to-drag ratio Thus, the vehicle has a less attractive 
cruise capability and low-speed flight characteristics 
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Figure 1 9 Reusable Shuttle Concept Options 


The variable geometry designs were found to have many 
attiactive featuies These included low meit/burnout weight and the 
high hypeisonic L/D necessaiy to meet the maximum cioss lange 
The stowed-wmg approach also permits the wmg to be designed for 
the low-speed flight regime It was found to be less attractive than 
the selected configurations because 

1 The high vehicle weight to projected planform area ratio 
results in higher average base heat-shield temperatures, 
relative to the selected straight-wmg design 

2 Increased design and manufacturing complexity would 
lesult from the mechanisms required to actuate the wmg 
and to transmit the flight loads 

The selected oibitei vehicle designed to provide low aero- 
dynamic cioss-iange capability has a low, swept, fixed wing 
configured to provide design simplicity, low weight, good handling, 
and good landing characteiistics The vehicle enters at a high angle of 
attack to minimize heating and to facilitate use of heat shield 
materials now available or in an advanced state of development A 
delta-wing orbiter was selected for achieving high aerodynamic cross 
range This system is designed to piovide capability for turn over a 
wide angle-of-attack range This allows initial entry at a high angle of 
attack to minimize the severity of the entiy environment Aftei peak 
heating, the vehicle is pitched down to a low angle of attack and 
banked to achieve cioss lange This vehicle also exhibits good 
handling qualities and landing characteristics The selected booster is 
also based on a fixed-wmg design This booster is common fot either 
orbiter 

Artists’ concepts of each baseline vehicle aie illustrated in 
Figure 1-10 It should be stressed that these configurations will be 
used as points of depaiture at the beginning of the Phase B study 
The piimaiy objective of the Phase B study is to evaluate improve- 
ments m these designs so that a system can be developed consistent 
with the cost, mission capability, and safety objectives noted eailier 
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CONFIGURATION 
OPTIONS & 
IMPROVEMENT 
WILL BE STUDIED 



LOW TOTAL PROGRAM 
COST EFFECTIVE 
PAYLOAD CAPABILITY 
MISSION FLEXIBILITY 
& SAFETY MAJOR 
OBJECTIVES 


Figure 1 10 Baseline Configurations 
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2. SHUTTLE SYSTEM 


The shuttle system consists of the vehicles illustrated in 
Figure 1-1 and all suppoitmg equipment necessaiy to accomplish a 
variety of designated missions at a rate of 25 to 75 pei yeai, 
assuming a two-week turnaround period Figuie 2-1 illustiates the 
shuttle’s total mission cycle The majoi events include the boost 
flight phase, on-orbit opeiations, oibiter and booster entry phase, 
and the ground operations cycle In the shuttle vehicle design 
development, all elements of this mission profile must be taken into 
account if a system consistent with the cost and opeiational 
objectives is to be designed One of the fust steps in the vehicle and 
system evaluation process is the actual sizing of the vehicles, that is 
to say, determining the boost/payload performance capability, the 
optimum staging velocity, thrust-to-weight latio at liftoff, numbei of 
engines, etc (Figure 2-2) This optimization ptocess was pei formed 
foi the candidate integrated vehicles The gross liftoff weight limit ot 
1 587 X 10^ kg was used, as was the requirement that the same basic 


BASELINE MISSION 




Figure 2 2 Integrated Vehicles 


engine (184,000 kilograms sea level thrust each) be employed on 
both stages Fuithcr considerations wcic 

1 The aeiodynamic heating cxpciicnccd during boost should 
(wherever practical) not exceed the values cncountcicd 
duiing entry 

2 The stages should be capable of positive separation 
without use of special sepaiation rocket systems of the 
type used on the Satuin vehicle 

3 The vehicle should be aeiodynamically stable in the 
integrated configuration This is required so that the 
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vehicles can coast with the mam engines shut down The 
coasting may be necessary duiing an abort The vehicles 
could slow to a lowei velocity, where safe sepaiation could 
take place 

4 For safety, it was requued that mission teimmation 
capability be incorporated This is particularly impoitant 
when a one-engine-out condition is consideied on the 
oibitei immediately aftei sepaiation fiom the boostei In 
fact, as will be seen later, this consideiation limits the size 
and gloss weight of the orb iter 

5 In the inteiest of lowei cost, a goal was to minimize the 
modification to the existing launch facilities at Com- 
plex 39 of Kennedy Space Center (KSC) This constiained 
integrated vehicle designs as legaids geometry and ground 
operations 

Figuie 2-3 illustrates the typical vehicle performance and 
stage-size tradeoff studies that were pei formed The figuie on the 
left-hand side presents the payload capability to the reference orbit as 
a function of the orbiter gross weight The data in the figuie aie for 
both the high and low cross-iange orbiters Also illustrated is the 
difference in payload that results from the use of two or three main 
rocket engines on the orbiter By comparing the two upper curves on 
the left-hand giaph, it will be seen that the highest payload 
peiformance results when two engines are used The approximate 
diffeience in payload is around 20 percent The payload decrement 
results principally from the additional engine and engine installation 
weight present in the three-engine arrangement Of course, from a 
cost viewpoint, it is more desirable to use a smaller number of 
engines That arrangement yields lower production, maintenance, 
and opeiation costs The orbitei gross weight of 344,700 kilograms 
was selected in order that safe mission termination could be achieved 
in the one-engme-out condition This results in a payload degradation 
of slightly ovei 10 percent for the low cioss-iange orbiter relative to 
the optimum case The chart on the right-hand side of Figure 2-3 



Figure 2 3 Effect of Orbiter Gross Weight on Payload 


illustrates the on-orbit A V capability of the orbiter (using both main 
and on-orbit piopellants) as a function of the system gross weight 
This IS foi the case of failuie of one orbitex rocket engine 
immediately after separation from the boostei The slope of the line, 
ot decreased AV available, is a result of the highei gravity losses 
involved in achieving a safe orbit of 185 kilometers The limit line on 
the curve is the AV lequned to circularize the oibit, and retro-thrust 
out of oibit foi the entiy and return phase Thus, taking the 
Intel cept of the capability versus the limit /requirement line, it will be 
seen that the orbiter gioss weight must not exceed 344,700 
kilograms 

To summaiize the mam points from this figuie, the staging 
velocity /stage weights of the oi biter and booster aie gieatly 
influenced by the lequirement for safe mission teimmation Two 
engines on the oibitei weie found to be optimum foi the gross liftoff 
weight of 1 587 x 10^ kilograms and the main engine tliiust limits 
specified The next step in the evaluation is to considei the number 
of boost engines Figure 2-4 illustrates the influence of liftoff 
thrust-to-eight ratio on the payload capability The case presented is 
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Figure 2 4 Num her of Bo os ter Engines 

for the straight-wing orbiter As this figure shows, the maximum 
payload is achieved with a thrust-to-weight ratio of approximately 
1 35 This thrust level is achieved thiough the use of 12 engines with 
a thrust of 181,400 kilograms each 

When input data weie developed for this tradeoff, various 
engine installation designs weie considered, and the influence of the 
boost parameteis such as gravity losses and drag weie evaluated over 
a range of liftoff thiusts A further consideiation m selection of the 
numbet of engines is that the shuttle be able to accomplish its 
primary mission with a single boostei engine out and that safe 
mission termination be achievable with two engines out In both 
cases. It IS assumed that the booster engines can be run at an 
over-thrust condition m the engine-out case 

As a result of the sizing piocesses and associated design analysis, 
the two integrated-system configurations shown in Figures 2-5 and 
2-6 were developed In both systems the orbiters ate located foiwaid, 


MISSION EVENT 

WT(Kg) 

LIFTOFF 

1 587 600 

max q 

1 219 729 

BOOSTER BURNOUT 

573 504 




Figure 2 5 Mated Configuration^ Low Cross Range Orbiter 


MISSION EVENT 

WTIKg) 

lift off 

1 587,600 
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on the upper suiface of the booster fuselage This location provides 
an aerodynamically stable configuration It also minimizes the 
main-engine gimbal angle requued foi the boostei engine thrust 
vector to be aligned with the centei of gravity (c g ) of the integrated 
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system As the figuie indicates, approximately thiee degices of 
gimbal is required because of the movement of the c g duiing boost 
foi the straight-wing orb iter system An additional two degiees is 
necessary on the delta-wing system As the figures show, the boostei 
size and weight aie identical foi both cross-iange systems The 
diffeience in overall length of the two mtegiated vehicles results 
from the overhang of the orbiteis Refeiiing to the stiaight-wmg 
oibitei, It will be seen that the oveiall length of the entire system is 
apptoximately 79 2 meters The overall height of the stacked 
configuration, while resting on the booster landing geai, is 32 2 
meters The equivalent dimensions for the delta-wing oibiter are 
given m Figuie 2-6 

With the integrated designs developed, the capability of the 
shuttle to undertake other missions was determined That is to say, 
the performance of the vehicles at vaiious altitudes and inclinations 
was computed Typical of this are the data given in Figure 2-7, which 



Figure 2 7 Payload and Mission Capability 


depicts the payload capability of the straight-wing orbirer as a 
function of altitude and orbit inclination As can be seen from, the 
left-hand cuivc of Figure 2-7, appioximately 25,000 kilograms of 
payload can be delivered to a 185-kilometci oibit This, of course, 
means that, with the exception of the Saturn V, the shuttle would be 
able to cairy more payload than any othei launch system in the free 
woild As the curve illustiates, the payload capability reduces sharply 
with oibit altitude such that, foi altitudes grcatei than 1500 kilo- 
meteis, it will be necessary to use a separate propulsive stage or 
oibit-to-oibit tug The propulsive stage, which could be an Agena or 
Centaui, and its payload, would be housed within the caigo bay of 
the shuttle It would be carried to a 185-kilometcr oibit by shuttle 
After deployment fiom the caigo bay, it would be checked out and 
then ignited and boosted to the final operational mission trajectory 
Foi example, this could be to a geosynchionous orbit or into a 
tians-Mais flight-path The special lequirements for conducting 
missions such as these, including the methods of loading the 
piopulsion stage and its payload, checking the system out on the 
ground and m oibit and deploying it, will be investigated as part of 
the Phase B contract The influence of carrying a tug and propellants 
foi the tug within the shuttle will also be studied Actual design of a 
space tug is being investigated foi NASA under a separate contract 
awarded recently to Space Division Details of the tug investigations 
will be covered in the paper to be presented later m this conference 

So far, we have primarily refened to optimizing the ascent 
portion of the vehicle flight to achieve maximum payload perform- 
ance However, the actual vehicle optimization must consider all 
phases of the mission Specifically, the tradeoffs of vehicle boost 
loads, drag, boost and entry heating, in-orbit opeiations, etc , must 
be evaluated before the total system can be optimized The 
trajectory or flight profile for the complete mission is illustrated in 
Figure 2-8, with added detail given in Figure 2-9 As shown, the 
vehicle is initially boosted fiom its vertical liftoff position to a 
staging altitude of 65 8 kilometers and velocity of 2846 meteis per 
second, where the booster and orbiter separate During boost 
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thiough the atmosphere, a maximum aeiodynamic pressuie of about 
2600 Kg/M^ IS expeiienced This occuis appioximatcly 65 seconds 
after liftoff at a Mach number of slightly gieatei than one and an 
altitude of 9 75 kilometeis During ascent, the engines on both stages 
will be throttled to i educe the axial acceleiation experienced on the 
system to 3 g’s Refeiimg to the left-hand side of Figure 2-9, it will 
be seen that the booster is rolled and banked duung entry to i educe 
the dowmiange distance At subsonic speeds, the turbojet engines on 
the boostei arc deployed and operated to fly the approximately 700 
kilometers back to the launch site Fiom the point of sepaiation, the 
oibitei accelerates to an elliptical oibit 92 by 185 kilomctcis at 
buinout of Its main-rocket-engmc system Burnout actually occurs 
appioximately 450 seconds aftei liftoff The orbitei then coasts up 
to apogee, wheie its on-orbit maneuvering propulsion system is fiied, 
and the vehicle orbit is circulaiizcd It remains in a circular oibit of 
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185 kilometeis until it is appiopiiately phased with the rendezvous 
point Aftei collect phasing is achieved, the on-orbit maneuvering 
piopulsion system is used to change the altitude and inclination This 
change requiies a AV = 170 meters per second From this point, the 
orbit opeiations aie performed After the orbit mission phase is 
completed, AV = 130 meters pci second is used to decelerate the 
vehicle and apply an initial entry angle of —0 15 degrees After 
deoibit, the vehicles piocecd thiough the atmospheric entry, through 
tiansition, jet engine deployment, and final landing 


This, then, is a summary of the integrated vehicles, their design 
fcatuics, sizing, and performance We will now take each element of 
the system (orbitcrs, boosters, operations, and development pio- 
giam) and give more details 
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3. SHUTTLE ORBITER 

This section discusses in moie detail specific features of each 
orbitei 

GENERAL CONFIGURATION 

Figures 3-1, 3-2, and 3-3 illustrate the high and low aero- 
dynamic cioss-iange orbiters that we started with in the Phase B 
investigations 

Low Cioss-Range Orbiter 

The stiaight-wing, low cross-iange orbitei has the capability of 
placing appioximately 20,400 kilogiams of payload into the refer- 
ence mission orbit In computing this value, it is assumed that a 
nominal Igp of 459 seconds is achieved with a high-pressure engine 


Figure 3 2 Straight Wmg Orbiter y Low Cross Range 

The nozzle expansion ratio of the engine selected fot the baseline is 
e = 120 1 A payload degradation of 11 percent would result if the 
engines used on both stages actually deliveied a specific impulse one 
percent undei that quoted This leduced payload is also noted on the 
figuie The low cioss-iange orbiter is configured to provide 

1 A flat bottom, a laige planfoim aiea and the ability to 
enter at high angle of attack to mmimize heating (Unlike 
the high cioss-iange system, the low cross-range system 
does not lequire hypersonic trim capability at low angles 
of attack The vehicle, therefore, maintains a high angle of 
attack until subsonic speed is achieved Then it is pitched 
down foi appioach to the landing site ) 



Figure 3 1 Shuttle Orbiters 
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figure 3 3 Orbiter Design DetailSt Strcugh t Wmg Orbtter 


2 Efficient system packaging to minimize weight and to 
facilitate maintenance 

3 Low-sweep, fi\ed wings for design simplicity, low weight, 
and good landing chaiacteristics 

The exteinal shape and design characteristics are presented in 
Figuies 3-2 and 3-3 The configuration is a deiivative of a design 
conceived by a NASA-MSC team and investigated hy Space Division 
during the previous Phase A study The body shape and tank 
arrangement aie directed towaid design simplicity, ease of manufac- 
ture, maximum packaging efficiency, and minimum weight A large 
leading-edge fillet at the intersection of wing and fuselage is used to 
reduce the mteifeience flow between the wing leading edge and body 
during entry An all-movable horizontal tail surface mcoipoiates an 
elevator capable of the required response rates for the normal flight 
control mode The independently hinged stabilizer is capable of low 
response rates to provide the necessary pitch trim Because of the 


independent hinging, it is possible to use the stabilizeis for roll turn 
Noimal roll contiol is achieved by spoilers on the upper surface of 
the wing This method of roll control was selected to eliminate a 
movable joint or slot on the lower suiface of the wing The problem 
of reduced effectiveness at high angles of attack may require either 
lelocation of the spoileis or addition of small ailerons 

Internal features of the orbiter are shown in Figure 3-3 The 
basic load-cairying structure is titanium alloy with a ladiative heat 
shield The body is divided into thiee basic sections (1) nose, 
(2) cargo bay and oxidizei tankage, and (3) fuel tank and mam 
engine 

The nose section has provisions foi the ciew and passengers, 
nose landing geai, and vehicle equipment, including powei supply 
and consumables The crew and passenger compartments are ar- 
ranged m two decks because of the short distance between the flight 
deck and the cargo bay (4 6 meters in diameter by 18 3 meters) and 
because of the deep body section Station resupply missions 
normally will have a crew of two, plus two passengers for cargo 
handling Piovisions have been made for these four on the upper 
deck, with the crew and passengers sharing a common pressurized 
compartment The area between the upper crew-passenger compart- 
ment and the cargo bay houses an air lock and the cargo deployment 
actuation system Ten passengers are located on the lower deck This 
approach was favored over using the cargo bay as the passcngei 
compartment because it simplified the cicw and life support system 
interfaces 

The oxidizer foi the mam propulsion system is earned m two 
floating aluminum tanks The tanks are circular in section and 
slightly tapered They are uninsulated and located just below the 
foi ward portion of the cargo bay The wing cairy-through structure 
consists of front and rear spars and provides sufficient volume for the 
four JTF22B-2 engines, which are installed in rotating pods The 
engines aie modified to use LH 2 The volume between the stowed 
turbofans and the cargo bay is used to store LH 2 turbofan fuel 
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The aft body section contains a floating LH 2 tank that is 
ciiculai in section and inteinally insulated Structural provisions arc 
made for mounting independently hinged horizontal stabilizers and 
the vertical fin, on-orbit tankage suppoit, and main-engine thiust 
structure A single bulkhead supports the stabilizer spindle and 
actuator and the front spai of the veitical fin A separate tliiust 
stiuctuie IS used for the mam engines and the on-orbit engines Orbit 
maneuveung propellant is contained m two spherical LO 2 tanks and 
two spherical LH 2 tanks 

The mam engine bay has piovision foi installation of the two 
main engines and two orbit maneuveung engines The mam engines 
aie LO 2 /LH 2 , high-chambei-piessuic, bell-nozzle lockets with a 
sea level thrust lating of 181,436 kilograms Structural and nozzle 
cleaiance is provided for a gimbal travel of ±7 dcgices in pitch and 
yaw, with the yaw clearance based on a return to null on one failed 
engine This minimizes the base area by permitting the engines to be 
installed on a minimum center-to -center distance The orbit maneii- 
veiing engines are mounted on a common-thiust structure with the 
mam engines and provide ±4 degrees pitch and yaw gimbal 
capability 

; 

Booster attach fittings are located on a bulkhead just ahead of 
the tuibofan engine pod and on the rear bulkhead that supports the 
hoiizontal stabilizei This takes advantage of the existing mam 
stiuctuie 

The low cioss-iange oibiter was designed to accomplish the 
entiy and recovery mission profile shown in Figures 3-4 and 3-5 
High angle-of-attack turn capability (60 degrees) from initial entry 
condition to subsonic speeds is lequiied over a wide vehicle c g 
range Low lift loading also is necessaiy to minimize entiy heating, 
and aeiodynamic control authority is essential to make the transition 
fiom high angle of attack to cruise conditions subsonically Good 
subsonic flight characteristics and handling qualities are provided for 
safe landing within a 3000-metei runway 



Figure 3 4 Entry Flight Profile for Low Cross Range 
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Figure 3 5 Entry Flight Profile for Low Cross Range 


Tlie external shape has been governed by stability and heating 
considerations During cntiy at a high angle of attack, the flat 
bottom of the fuselage piovides high lift, while the negative body 
camber aids in pitch turn and stability The relatively sharp corners 
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promote separation aiound the sides of the body, resulting m low 
tempeiatures The sloping sides aid in providing lateral and diicc- 
tional stability Lateral range greater than 370 kilometeis is achieved 
by programming a bank angle while maintaining angle of attack m 
the control mode shown in Figure 3-4 The configuration is 
longitudinally stable duiing entiy and is self-trimming to the 
specified pitch angle (60 degrees) with a lift coefficient of 1 6 and a 
hft-to-drag ratio (L/D) of 0 56 Figure 3-6 defines the hypersonic 
aeiodynamic characteristic of the oibiter The data shown ate based 
on analysis and verified by wind tunnel tests performed by omsclves 
and NASA Damping and roll contiol is provided by the attitude 
control piopulsion system Subsonic characteristics displayed in 
Figures 3-7 and 3-8 show that the vehicle is stable at high (60 degree) 
and low angles of attack and that adequate contiol authority is 
available to perform die pitchdown maneuver to subsonic cruise 
Center-of-gravity limits at hypeisonic and subsonic speeds arc 
displayed m Figures 3-8 and 3-9, respectively The forward c g limit 
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Figure 3 1 Subsonic Aerodynamic Characteristics, Low Cross Range Orbtter 
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I igure 3 8 Cargo Center of Gravity Charactenstics (Hypersonic) 
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r Igure 3 9 Cargo Center of Gravity Characteristics (Subsonic) 

IS defined by the nominal forward c g location, with payload in, plus 
60 centimeters of tolerance The aft c g location is defined with the 
payload removed The all-movable tail provides maneuver and trim 
capability over the c g ungc 
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Flight simulation studies have shown that the subsonic tiansi- 
tion maneuver to a low angle of attack can be peifotmcd with 
aerodynamic contiol, with the pitchdown maneuvet accomplished by 
a stabilizer command Dynamic lesponse was smooth and well 
damped There was little overshoot, even though it was neccssaiy to 
maneuver from one stable equilibrium point to anothei with 
nonlinear aerodynamic moments 

Duiing subsonic cruise, the maximum trimmed L/D is 8 2 at an 
angle of attack of 7 degrees The landing speed on a standard day is 
149 knots (Figure 3-10) 

The peak ladiation equilibrium tempeiatuies for the undeiside 
of the straight-wiiig oibiter entciing at a 60-degiee angle occur at 
appioximately the pullout condition It has been obseived that wing 
leading-edge blending and sweep aie beneficial in icducmg inter- 
ference heating on the wing and fuselage at high angles of attack 



Figure 3 10 Orhiter Landing 
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Radiation equilibimm tcmperatuic distiibutions for the vehicle 
duiing ascent and cntiy are presented in Figuic3-ll Design 
tempeiatuies ovci the uppci suifacc of the vehicle occui during 
boost and ovet the remamdei of the vehicle duiing entiy Tempera- 
tures ovci a laige aica of the vehicle aie less than lOOO^C, with 
highci tcmperatuies on the nose and wing leading edge The 
maximum tempcratuic on the leading edge of the vertical stabilizci 
icachcs 470^C during boost because of interference effects The wmg 
leading edge teaches 1690^C because of the inteiaction of the body 
and wing shock 




Figure 3 11 Straight Wmg Orbtter Entry 


Figuic 3-12 provides additional temperature data It also shows 
a condensed summary of heat shield material selections Over a large 
area of the vehicle, the temperatures are less than lOOO^C, allowing 
use of mateuals that aie m a more advanced state of development 
than those for the delta wmg 
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Figure 3~12 Maximum Temperatures and Materials 

High Cross-Range Orbiter 

The baseline, quasi-delta-shaped, high cross-range orbitcr has a 
payload capability to the leference mission orbit of approximately 
9000 kilograms This is based on the engine performance assump- 
tions defined earlier It is configured to provide the following 

1 Large planform area and capability for entry at high angles 
of attack to minimize heating 

2 Aerodynamic shape with good hypersonic lift-to-drag 
characteristics 


3 Thermal protection system (TPS) designed for 1500- 
nautical-mile cross-range thermal environment 

4 Efficient system packaging to minimize weight and facili- 
tate maintenance 
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Aerodynamic shape foi good subsonic flight and landing 
characteiistics 


The external shape and design chai actons tics of the oibiter 
vehicle are presented m Figuic 3-13 Internal featutes are shown in 
Figure 3-14 Vehicle basic load-cany mg stiucturc is titanium alloy 
with a radiative heat shield The body is divided into tliiee majoi 
sections (1) the nose and crow and passengei compartment, (2) the 
cargo aiea, and (3) the mam engine bay 

The nose section has sufficient volume foi the LH 2 tank, ciew 
and passenger compaitment, and nose landing gear The shaping 
provides the necessary aerodynamic chaiacteiistics, resulting in the 
crew compaitment being located aft of the nose Thus, the projected 
lateial area is minimized, and a reasonable fin size is maintained foi 
directional stability A floating aluminum LH 2 tank is used It is a 
double-cell pressute vessel shaped for maximum volume usage 





GROSS WT = 344 700 Kg 


PL = 9 070 Kg (NOM Isp)/ 6 700 Kg |MIN Igp) 

CONFIG 

FLOATING TANKS SIMPLE LOW 
WEIGHT EFFICIENT PACKAGE 

AERO/ 

THERMAL 

ENTRY L/D 
SUB L/D 
1 W/ClS 

07 22 
69 

180 Kg/M2 

STRUCT /TPS 

PRIMARY 

TANKS 

HEATSHIBLD 

TITANIUM 

ALUMINUM 

RADIATIVE 

SYSTEMS 

SEPARATE MAIN (2 ENG) OMS (2 RL10) 
IAS REDUNDANCY 


Figure 3 13 Delia Wmg Orbiter ^ High Cross Wtng 


SD 70-9 




Space Division 

North American Rockwell 




The crew and passengers arc accommodated in a single 
pressuuzed compartment, with an an lock provided for intiaveliicu- 
lar activity (IV A) access to the cargo bay and space station The 
flight compartment has side-by-side seating This makes it practical 
foi sharing certain controls* windows, and displays and foi multiple 
use of access space 

The cargo bay is designed with top loading doors The mam 
LO 2 tanks are located on both sides of the caigo bay to provide a 
relatively stable c g location, witli only a slight aft travel during burn 
of the mam propellants These uninsulated aluminum tanks arc of a 
simple cylindrical shape and aie supported from the body structure 
in a manner that minimizes induced body loads into the tanks The 
area below the cargo bay and LO 2 tanks is used for the wing 
carry -through structure and installation of air-breathing engines, 
landing gear, and oibit maneuvering propellant 

The air-breathing engines are identical to those desciibed carlici 
As with the stiaight-wing orbiter, the engines are paiicd m two 


deployable nacelles located in the undcisuifacc of the body ncai the 
eg Thus, elimination of the aii-bicathing engines through modifica- 
tion of the go-around icquucmcnt would not significantly affect the 
vehicle c g 

The landing gcai consists of two dual-wheeled main landing 
gcais with a dual-whcclcd, steer ibic, nose landing gcai The piehmi- 
iiary analysis used to establish the baseline landing gear lesulted m 
the selection of standard Type VII ties The landing gcai extension 
and rctiaction system and landing gcai doors arc clcctncaify 
contiollcd and hydraulically opciatcd 

Booster attach fittings, located on the bulkheads at each end of 
the cargo bay, arc slightly recessed inside the mold line of the 
thcimal protection system At scpaiation, the recesses are coveted 
with self-closing doois to assure a smooth exterior suiface and to 
minimize local heating 

The baseline high cross-range orbiter^s aeiodynamic coiifigut i- 
tion was designed to satisfy cntciia based on the entry flight profile 
shown in Figures 3-1 5 and 3-16 At the same time, the design 
provides low drag and aeiodynamic stability during the full flight 
regime and good subsonic handling and landing cluiacteiistics 
Aerodynamic heating must be minimized during the initial entry 
phase of the flight, and an adequate hypersonic L/D is necessary to 
provide the 2770-kilomctci cioss range To achieve the low entry 
heating and cross-range capability, it is necessary to provide for a low 
planform loading and the ability to trim over a wide anglc-of-attack 
range With this wide trim capability, the orbitcr's baseline entry 
mode is to enter at a high angle of attack (55 degiccs) and to pitch 
down (35 degrees) after peak heating Refen ing to Figure 3-15, it 
will be observed that the transition to the low-angle-of-attack, 
maximum-L/D attitude occurs when approximately half the cross- 
range distance has been achieved The vehicle is then further banked 
to achieve cross range Transition to a low angle of attack occurs at 
supersonic speed, followed by subsonic powcicd appioacli to the 
landing site 
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Figure 3 IS Entry Flight Profile for High Cross Range, Delta Wmg Orbiter 
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Figure 3 16 Entry Flight Profile for High Cross Range, Delta Wmg Orbiter 

The dcita-wing oibitcr planfoim and aerodynamic fineness latio 
provide high L/D at hypcisonic speeds and an acceptable turn lange 
over the entire flight regime Roll modulation for lange control 
during entry is accomplished through the attitude contiol propulsion 


system Aeiodynamic chaiacteiistics of the vehicle are piesented in 
Figures 3-1 7 and 3-18 They show that the vehicle provides i 
hypersonic L/D of 1 4 when tnmmed at a = 35 degrees and L/D=2 2 
at a = 20^ The maximum subsonic L/D is 6 9 As shown in Figuie 
3-19, pitch control by elevens is sufficient foi aetodynamie tnm 
throughout an angle-of-attack range fiom 0 to 60 degrees, with an 
operational eg range of 60 ceiitimetets eithet side of a nominal 
position to provide fle\.ibility m payload e g and foi uncertainties in 
consumables The vehicle is designed to lemain stible at all speeds 
and pitch angles At hypcisonic speeds, the unstable legion at low 
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Figure 3 19 Cargo Center of Gravity Variations 

angles of attack has been minimized by high forebody fineness latio 
and by leducmg body camber effects This design also results in 
relatively low diag during ascent, wheie boostei-oibiter drag influ- 
ences total payload to orbit Diiectional stability is piovided by twin 
vertical tails mounted at the wing tips and sized to provide stability 
throughout the speed range Two variables (wing dihedral and 
vertical tail cant) are used to establish the proper level of effective 
dihedral Control is through conventional rudders and elevons, with 
control interlmkage wheie necessary to eliminate aerodynamic 
coupling 


With the vehicle trimmed at a 15-degree angle of attack, its 
landing speed on a standard day is 119 knots, with an approximate 
total landing distance of 1150 meters on a dry runway Additional 
data on the aeiodynamic and landing parameteis, such as approach 
speed and go-around climb rate, are given in Figures 3-20 and 3-21 


Radiation equilibrium temperature distribution over the vehicle 
during ascent and entry is presented in Figure 3-22 Design tempera- 
tures for the upper surface of the vehicle occur during boost The 
remainder of the vehicle experiences its maximum temperature 
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Figure 3 20 Landing Characteristics 

LANDING 


DISTANCE ANGLE OF ATTACK 

(M) =15°ATTD 
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~ 1000 Kg VEHICLE WEIGHT ~1000 Kg 


Figure 3 2i Landing Characteristics 

during the high cross-range entiy Entry temperatuies are generally 
less than 1000*^0 over a large aiea of the vehicle, however, the nose 
and leadmg edges experience tempeiatures up to appioximately 
1400°C These temperatuies reflect the modulated entry profiles 
already discussed 

Referring to Figure 3-23, it can be seen that load-carrying 
structuial mateiial, because of its attractive sti ength-to-density 
piopeities, coupled with satisfactory cieep characteristics in thermal 
enviLonments up to 340°C, is titanium The fuselage, wing, and 
thrust structuie use Ti-6A1-4V alloy The mam propellant tanks are 
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Figure 3 23 Maximum Temperatures and Matenals 



Space Division 

North American Rockwell 


f 


constructed of 2219-T81 aluminum alloy It was chosen for its 
compatibility with cryogens, acceptable strength, good fracture 
toughness, and weldability Extensive experience with this material 
has been gained on the Saturn progiam Figure 3-21 is a condensed 
summary of heat shield matenals They were chosen primarily on the 
basis of vehicle surface-temperature profiles Major portions of the 
surface aie Haynes 188 and Inconel 718, with lesser amounts ofTD 
NiCr and coated columbium The major portion of the upper surface 
of the orbitei fuselage and the wing will be titanium hot structure 


It IS well recognized by engineers working on the shuttle vehicle 
design that developing a lightweight, low cost, thermal protection 
system with multi-reuse capability is a key factor We define the 
thermal protection system as the heat shield, insulation and structure 
from the external suiface through to the inside of the propellant 
tanks or the cargo bay or the passenger cabin Illustrated in 
Figuie 3-24 is a typical cross section of the thermal protection 




Figure 3 24 Thermal Protection System Key Technology Factors 
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system. Referring to the orbiter drawing, it shows a metallic heat 
shield and dynaflex insulation supported on the primary load- 
carrying structure. Between the primary load-carrying structure and 
the propellant tank is additional insulation. The governing parameter 
is the total temperature rise that occurs at the spray-on foam 
insulation (SOFl) bond line of the hydrogen tank. A limiting value of 
approximately 220^C exists at this point. Above that value the 
integrity of the bond breaks down. Also shown in Figure 3-24 are the 
other major parameters that must be accounted for in selecting the 
thermal protection system. Not the least of them is the accurate 
prediction of the thermal environment and the computation of the 
temperature distribution within the structure. Through the X-15, 
Apollo and other programs, sophisticated analytical tools have been 
developed for performing these estimates. They will require further 
refinement and test program verification during shuttle development. 


Space Division and Convair have both been investigating heat 
shield and high-temperature structural materials and designs for the 
past several years. In addition, tests on TD Ni chrome materials and 
coated columbium have been performed, with the entry environment 
of the shuttle orbiter simulated. Photographs of typical specimens 
are illustrated in Figure 3-25. 
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PRIMARY ORBITER SUBSYSTEMS 
Structure and Primary Orbiter System 

The material covered so far in this section has been configura- 
tion dependent. To the first-order approximation, the overall 
requirements and design characteristics of the systems are the same 
for both the low and high cross-range orbiters. Therefore, the 
structures, propulsion systems, and avionics subsystems for the delta 
wing will be discussed as they are typical for both orbiters. 

Vehicle Structures 

An overall summary of the primary structure and materials for 
the orbiters has already been presented. The primary loading 
conditions that govern the strength requirements of the load-carrying 
structure arc illustrated in Figure 3-26. As this figure indicates, the 



Figure 3^26. Delta-Wing Orbiter Design Conditions and Load Intensity 
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highest loads experienced over a large portion of the fuselage 
structure occur during boost fliglit. Specifically, the upper and lower 
surfaces of the forward fuselage are designed by the maximum 
aerodynamic pressure (max qa) and control moments that arc 
experienced in reacting steady-state wind shears and wind gusts in 
the integrated launch configuration. The loading level per unit length 
of cross section is also shown in this figure. 

In conjunction with NASA, the space shuttle contractors will 
design and test a representative large-scale section of the booster and 
orbitcr. Examples of the type of structure under consideration for 
design and test arc shown in Figure 3-27. It illustrates the wing 
root-fuselage joint for the orbitcr. Also shown is a propclIant-tank 
fuselage cross section of the booster. 




Figure 3-27, Large Structure Tests, Major Structural Subassemblies 
Rocket Engine Systems 

During a normal mission, the orbitcr will be required to 
(1) boost itself into orbit; (2) perform on-orbit maneuvers and 
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operations, (3) deorbit; and (4) control its attitude and make small 
course corrections. To accomplish this, it is provided with separate 
main rocket engine systems, on-orbit systems, and attitude control 
systems (Figure 3-28). The general locations of the engines and their 
propellant tanks arc also shown in this figure. 

The orbitcr main propulsion system (Figure 3-29) employs two 
turbopump-fed rocket engines burning a LO 2 /LH 2 propellant com- 
bination at a nominal mixture ratio of 6:1. The engine power head 
assembly is identical to that used in the booster. A e= 120:1 
expansion ratio nozzle assembly (two-position type) is used to 
achieve high performance. A redundant, self-checking engine control 
unit (ECU) controls and monitors engine operation, including 
throttling over a thrust range of 50 to 1 1 5 percent of rated thrust. 
Thrust vector control over a range of ±7 degrees is obtained with a 
self-contained giinbal actuation system mounted on the engine. 
Engine-mounted pressure volume compensated (PVC) flexible lines 
are employed at the engine/vehicle propellant duct interfaces. Use of 


• 6800 Kg ON ORBIT 
ENGINE THRUST 



Hgure 3-28. Rocket Engine Systems 
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MAIW ENGINE CHARACTERISTICS 

THRUST. VAC > 216.400 K| 

SPECIFIC IMPULSE - 461 SEC (NOM) 

464.6 SEC (-Scr) 

THRUST RISE TIME - 6 SEC 

OPERATING MIX RATIO « 1.0 (0/F) 

6.6-I.6 CAPARILITY 

PRESSURANT - G02/6N2 
THROTTLE RANGE > 116%-60% 

WEIGHT (BASIC ENG) - 2014 K| 

LENGTH 6207 mm 

(NOZZLE EXTENDEO) 

3161 min (NOZZLE RETRACTED) 

DIAMETER 2120 mm 

NOZZLE AREA RATIO 120:1 (NOZZLE 

EXTENDED) 

COOLING TRANSPIRATION ^ REGENERATIVE 
♦ DUMP 


Figure 3-29. Orhiter Main Propulsion System 

common engines and related equipment in the two stages will 
substantially reduce development costs and simplify the operational 
phase of the program. 

The propellant tanks are pressurized with GH 2 tapped from the 
engine preburner inlet and GO 2 extracted from the turbine discharge 
heat exchanger of the LO 2 turbopump. Tank pressure is controlled 
by redundant flow control regulators. Ground-supplied helium is 
used for prelaunch pressurization prior to engine ignition. 

The LH 2 tank is insulated with closed-cell polyurethane foam 
applied to the tank inner wall. A fiberglass reinforcement layer 
protects the surface of the foam from damage and inhibits 
permeation of the foam by the LH 2 . The LO 2 tank is uninsulated; a 
dry GN 2 purge is used to inhibit ice formation on the tank during 
prelaunch servicing. Propellant feedline ducts are routed to allow 
convective preconditioning of the main propulsion engines before 
liftoff. Normally open isolation valves with position latches are 
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installed in each LO 2 and LH 2 feedline to provide emergency cutoff 
of propellant flow in the event of extreme leakage or propellant line 
rupture. 

Point sensors and capacitance probes monitor liquid level and 
measure on-board propellant weight during prelaunch servicing. 
Propellant residuals are minimized by propellant loading bias; 
depletion sensing and shutdown will be accomplished by the engine 
subsystem. Provisions arc made for propellant utilization because of 
the direct exchange between residual propellant weight and payload 
capability in the orbiter. 

The orbiter attitude control propulsion system (ACS) provides 
capability for small translational maneuvers and three-axis attitude 
control. As shown in Figure 3-30, the baseline engine arrangement 
employs 22 thrusters, each operating at a vacuum thrust of 680 kilo- 
grams to provide minimum angular accelerations of O.S^/sec^ and 
translational rates of 0.03 m/sec^ for each vehicle axis with one 
engine inoperative. Fail-safe attitude control at 67 percent of the 
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• SIMILAR ACPS ENGINE LOCATIONS 
FOR BOTH STRAIGHT WING & DELTA 
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Figure 3-30. Orbiter Attitude Control Propulsion System 
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minimum design rate is possible after loss of any two thrusters. 
Translation at the minimum acceleration rate is possible after loss of 
either one or two thrusters. 

The thruster configuration selected for the baseline system 
burns a gaseous hydrogen/oxygen propellant combination at a 
chamber pressure of 21 kg/cm^. A nozzle expansion ratio of 20:1 
was selected to limit nozzle exit plane diameter and thereby 
minimize the area of vehicle outer skin penetrated by the thruster 
nozzle. The selected baseline thruster uses augmented spark ignition. 
Shielding will be employed if required to minimize electromagnetic 
interference effects. In addition to providing adequate attitude and 
translation rates for the orbiter, the selected 680 kilograms thrust 
level provides the desired attitude control system (ACS) control 
authority for the booster; therefore, a common thruster configura- 
tion may be used with an associated reduction in hardware 
development and production costs. 

The orbit maneuvering system provides the capability for 
orbiter maneuvers, including circularization, orbit transfer, rendez- 
vous, and deorbit. Our baseline system (Figure 3-31) employs two 
rocket engines using LO 2 and LH 2 propellants stored in tankage 
completely independent of the main propulsion system. 

Integrated Avionics and Electromechanical Subsystem 

Through the integrated avionics and electromechanical sub- 
system (IAS), all elements and subsystems of the vehicle are 
integrated, controlled, and monitored. Since the requirements 
between the orbiter and the booster vehicles are quite similar, a high 
degree of commonality is possible in the avionics equipment, and the 
following descriptions are therefore equally applicable to both 
vehicles. 


Figure 3-32 represents a simplified block diagram of the IAS 
showing the major functional elements that are all controlled 
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ENGINE CHARACTERISTICS - RU0A-3-3A 

• PERFORMANCE 

THRUST. VAC - 6.800 Kg 
SPECIFIC IMPULSE • 444 SEC (NOM) 
439 SEC C-3«’) 
THRUST RISE TIME - 2 SEC 

• WEIGHT 

145 Kg (INCL ACCESSORIES) 

• SIZE 

LENGTH ■ 1778 mm 
OIAMEnR-l016mm 

•CYCLE 

EXPANDER CYCLE DRIVEN 
TURBOPUMP 

• COOLING 

REGENERATIVE 

•NOZZLE 


AREA RATIO 

57il 

• THERMAL 


CONDITIONING 

LOX BLEED THRU 1/C 
LH2 BLEED THRU MANIFOLD 

• PAST USAGE 

CENTAUR. SATURN S-IV 


Figure 3-3i» On-Orbit Maneuverirrg System Schematic 



Figure 3-32. Integrated Electronics 
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through a central data management system. Characteristics of the 
IAS arc enumerated on Figure 3-33. A brief description of the IAS 
elements follows. 

• PROVIDE ON-BOARD CHECKOUT, COMMAND & CONTROL & SAFING PROVISIONS 

• INTEGRATED GN&C 

• CONVENTIONAL COMM, NAV & LANDING AIDS 

• CENTRALIZED & SELECTED DEDICATED COMPUTERS 

• DATA BUS & STANDARD INTERFACE UNITS 

• MULTIPURPOSE DISPLAYS & CONTROLS 

• FAIL OPERATIONAL/ FAIL OPERATIONAL / FAIL SAFE OPERATION 

• ACCESS TO EACH LINE REPLACEABLE UNIT (LRU) INDEPENDENTLY 

• COMMON MODULAR SOFTWARE 

Figure 3-33. Integrated Avionics Characteristics 

Data Bus ami Computers 

A common multiplexed data bus transmits all commands, 
responses, and data, thus integrating all functional elements of the 
vehicle. The current preliminary computer configuration is primarily 
centralized with dedicated processors for flight control and main 
rocket engine systems. Standard interface units are used to couple 
subsystem elements to the common data bus. They include data 
acquisition and stimulus capability to support checkout and redun- 
dancy management. 

Guidance, Navigation, and Blight Control 

These functions use a strap-down-type inertial reference that is 
aligned optically. Flight control is accomplished through a digital 
system. Control of the vehicles throughout all boost, orbital, and 
atmospheric flight phases presents a difficult flight-control problem 
in which we must use the knowledge gained tlirough operations of the 
Saturn and Apollo vehicles, as well as commercial aircraft practices. 
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Communications 

This clement of the IAS provides voice, data, ranging, and 
navigational aids capabilities, as shown in Figure 3-34. The voice, 
data, and ranging requirements will apply the techniques and 
probably much of the equipment that has been space-flight proved in 
Apollo. For the atmospheric flight phase, equipment developed for 
commercial and military aircraft is directly applicable. This sub- 
system, therefore, requires little basic development but rather an 
effective means of integrating its functions into the vehicle system. 



TWO WAY DATA & 
VOICE EQUIPMENTS 


• TRANSMIT & RECEIVE VOICE & 
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SPACE RENDEZVOUS & 
DOCKING AIDS* 


• ACQUIRE. TRACK & RANGE 
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•ORBITER ONLY 


ATMOSPHERIC NAVIGATION & 
LANDING AIDS 

• ACQUIRE DATA FOR LINE OF 
SIGHT NAVIGATION 

• PROVIDE RADAR IDENTIFICATION 

• DETERMINE RADAR ALTITUDE 

• ACQUIRE DATA FOR CAT II 
LANDING SYSTEM 

• PROVIDE RECOVERY SIGNAL 


Figure 3-34. Communications 


Crew Command and Control 

The shuttle cockpit is configured basically like an aircraft 
cockpit (Figure 3-35). However, since the orbiter vehicle must 
function either as a spacecraft or an aircraft, the cockpit incorporates 
controls and displays to satisfy all mission phases. On the Apollo 
spacecraft, the principal flight displays were represented by indivi- 
dual instruments, as shown on Figure 3-36. If this approach is used 
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ROTATION HAND 
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Figure 3-35. Shuttle Orbiter Cockpit 



Figure 3-36. Apollo Crew Station and liquipmcnt 
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on shuttle, the cockpit would be larger and more complex and might 
require more than the two-man crew now planned. Therefore, a 
solution is to use fewer instruments having greater flexibility. 
Multi-format cathode-ray tube (CRT) displays can present on a single 
instrument the information that required a number of instruments in 
the past. Examples of the types of formats that will be used in two 

different flight phases are shown in Figures 3-37 and 3-38. The same 

CRT presents a display for ascent guidance during the boost phase 
and later presents a space attitude display for flight control during 
on-orbit phases. On Apollo, the computer was used only for 

navigation and guidance, and the display keyboard unit (DSKY) was 
limited to that task. Since the shuttle computers do many additional 
things, more flexibility is required but the same approach is used. 

Solid-state alphanumeric readouts and all-electronic keyboards 
are planned. To command the vehicle attitude in space, the 
Apollo-type and proved three-axis rotation hand controller is used. 
During atmospheric flight, only two axes pitch and roll, arc 

controlled with the hand controller. Conventional aircraft-type 
pedals control yaw. A single translation controller similar to the 
Apollo type is mounted on the pedestal near the throttles for linear 
motion control in space. 



Figure }-37. Boost and Ascent Display 


SD 70-9 



Checkout 

For a drastic reduction in ground equipment, number of ground 
personnel required, and turnaround time, the shuttle vehicles uses 
on-board checkout. How the central data management system is 
applied in accomplishing the checkout function is shown in 
Figure 3-39. The example is the main rocket engines. Using appro- 
priate sensors and transducers for the important engine parameters, 
the computer processes these data and compares the results to the 
expected or normal case. Through judicious use of primarily 
operational parameters, the broad requirements of checkout are 
satisfied. These include demonstration of operational readiness, 
caution, and warning displays for critical functions, fault isolation, 
and switching techniques, in addition to long-term trend analyses. 

Electrical Power and Control 

The power sources include fuel cells, APU’s, and batteries. 
Appropriate conversion and distribution equipment is controlled 
through the common data bus. 
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I MEASUREMENTS | 

• PROPELLANT TEMPS 
PRESS. FLOW 

• VALVE POSITIONS 

• THRUST 

• VIBRATION LEVELS 

• MIXTURE RATIO 

• GIMBAL ANGLES 



1 RESULTS 1 


• DETERMINES OPERATIONAL READINESS 


•CAUTION & WARNING SIGNALS 


• FAULT ISOLATION & SWITCHING 


• TREND DATA FOR GROUND ANALYSIS 



Figure 3-39. On-Board Checkout 


ORBITER COMPARISONS 

It is appropriate to conclude the discussion with a comparison 
of the two systems. It has been noted that the payload performance 
characteristics of each orbiter differ by 2:1 in favor of the 
straight-wing design. This higher payload results principally from less 
thermal protection being required to meet the low cross-range 
requirement. Other benefits are gained because a simpler packaging 
of the propulsion and other systems is possible. Additional details of 
the weight breakdown and stage mass fraction of the vehicles are 
shown in Figure 3-40. The values are for the gross liftoff weight limit 
of 1,587,000 kilograms. These same data are illustrated graphically in 
Figures 3-41 and 3-42. These figures indicate clearly the magnitude 
of the penalty for thermally protecting vehicles to achieve a high 
cross range. 
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Figure 3-40. Baseline Vehicle Mass Characteristics, Gross Liftoff Mass * 1,587,000 Kilograms 
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Figure 3-41, Structural and Subsystem Weight Distribution 
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Figure 3-42. Structural and Subsystem Weight Distribution 
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Figure 3-43, Comparison of Orbiter Fuselage Heating Histories, 
High and Low Cross-Range Entry 
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A further illustration of this point is shown in Figure 3-43. This 
presents the heating rate histories of both orbiters. These heating 
histories were computed for the entry trajectories presented in the 
General Configuration section. The integral under this heating-rate- 
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time curve provides a direct measure of the total heat load 
experienced by a vehicle of this design. It shows tliat the heat load 
for the high and low cross-range vehicles vary by a factor greater than 5. 
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BOOSTER MISSION PROFILE 

The booster illustrated in Figure 4-1 will be briefly discussed 
according to the outline in Figure 4-2. The object of the booster, of 
course, is to accelerate the orbiter to the appropriate staging 
conditions. The booster flight profile is indicated in Figure 4-3. 
Features of the booster include (1) vertical launch, (2) a maximum 
dynamic pressure of slightly more than 2600 kilograms per square 
meter (occurring at an altitude of slightly under 10 kilometers) and 
(3) separation of the orbiter at an altitude of slightly more than 65 
kilometers 3.2 minutes after launch and at a velocity of 2850 meters 
per second. After separation, the booster coasts to its apogee of 75 
kilometers and then enters at a high angle of attack (55 degrees) and 
with a bank angle of approximately 40 degrees. The bank angle is 
modulated to limit the maximum load factor to 4 g’s. The bank 



Figure 4-t. Baseline Booster After Staging 
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Figure 4-2. Outline of Booster Briefing 

maneuver minimizes the down-range travel and thus the fuel required 
for cruising back for a landing at the launch site. 

After the booster has slowed during the entry maneuver to 
subsonic speed, the air-breathing flyback engines are deployed and 
started, and the booster cruises back as a large subsonic aircraft and 
makes a normal horizontal landing at a runway near the launch site. 
Landing occurs at a velocity of 155 knots approximately 111 
minutes after liftoff. 

As noted in Figure 4-4, the booster operates as a rocket- 
powered launch vehicle for approximately three minutes, as an 
unpowered hypersonic glider for approximately 10 minutes, and as a 
subsonic aircraft for approximately an hour and a half. Landing is 
followed by a two-week turnaround operation on the ground. 

The booster is designed to be an efficient rocket-powered 
vehicle during the three-minute boost phase. During entry, cross- 
range capability is not required for the booster. The configuration 
selected has acceptable hypersonic characteristics, but the lift-drag, 
ratio (4D) at high velocities has been purposely compromised in the 
selection of its design features to assure efficient operating character- 
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istics during the hour and one-half that the vehicle is operating as a 
subsonic aircraft. 
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Figure 4-3. Booster Flight Profile 



Figure 4-4. Booster Flight Modes 
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BOOSTER CHARACTERISTICS 

Design of the hypersonic vehicle is influenced by the require- 
ment to assure rapid and low-cost refurbishment during the 
turnaround cycle. The basic characteristics of the baseline booster 
are listed in Figure 4-5. Note that the tail area is slightly larger than 
that of the wing: 219 square meters for the tail and 186 square 
meters for the wing. The total platform area of more than 1000 
square meters is largely fuselage underbody. This, of course, provides 
most of the lift during the hypersonic glide phase. The baseline 
configuration has a fixed straight wing and a vee tail. The straight 
wing was chosen for simplicity and low weight, taking into 
consideration that the hypersonic characteristics need not be 
optimized and that the low hypersonic L/D of 0.5 is satisfactory 
since cross range is not a criterion. The fixed-wing configuration 
yields an L/D of 6.7. This ratio assures satisfactory cruise capability. 
The lift loading of 430 kilograms per square meter is moderate to 
minimize aerodynamic heating. 

Pertinent characteristics of the baseline booster are noted in 
Figure 4-6. The air-breathing engines for the cruise phase are stowed 
during the boost and hypersonic flight phase and then are deployed 
for cruising back to the launch site. These engines are mounted 
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Figure 4 - 5 . Baseline Booster Configuration 
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Figure 4 6 Characteristics of Baseline Booster 

forward to bring the centei of gravity of the vehicle forward and help 
compensate for the large weight of the rocket engines at the aft end 
The liquid oxygen and liquid hydrogen tanks are cylindrical, 

load-carrying structures and they are separate tanks with no common 
bulkheads Twelve rocket engines are piovided for the boost phase 
The choice of 12 engines will be discussed later 

The vee tail was selected partly because of the consideration of 
plume impingement of the oi biter engines during the staging 
sequence Basic dimensions of the booster are indicated in Fig- 
ure 4“7 The overall length is slightly under 80 meters, the wing span 
IS slightly over 43 meters, and the fuselage diameter is approximately 
9 and 1/2 meters The gioss liftoff weight of the boostei is 

appioximately 1 2 million kilograms 

A size comparison of the booster with the Boeing 747 and the 
Boeing 707 is presented in Figuie 4-8 The relative dimensions and 
other characteristics of these three systems are presented in 

Figure 4-9 Note that the major diffeiences are that the booster has a 
much higher maximum speed than either of the commeicial 
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Figure 4 7 Baseline Booster 
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Figure 4 8 Booster Stze Comparison 
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transports, a much higher payload (the orbitei gross weight), and a 
much higher gross weight The wmg span for the boostei is almost 
identical with the wmg span for the Boeing 707, and the total height 
for the booster is almost identical to that of the Boeing 747 The 
booster is appro \imately 8 meteis longer than the Boeing 747 

Note that the landing weight of the booster is actually less than 
the maximum landing weight of the Boeing 7 47 , which is operating 
commercially 

A comparison of the weight chaiacteiistics of the booster with 
those of the stiaight-wing oibitei and the delta-wing orbiter is 
presented in Figuie4-10 The gioss weight of the booster is 
approximately four times that of eithei of the oibiters, while the 
empty weight is slightly ovei two times that of the orbiters Majoi 
empty weight differences are m the structural and thermal protection 
area and m the propulsion systems The piopellant mass fractions for 
these thiee vehicles are booster, 0 81, straight wing, 0 74, and 
orbitei, 0 71 
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Figure 4 9 Booster Comparison Data 



BOOSTER 

STRAIGHT 

WING 

ORBITER 

) 

DELTA 

WING 

ORBITER 

STRUCTURE & THERMAL PROTECTION 

120 159 

43636 

56 

382 

LANDING (& DOCKING) SYSTEM 

8 800 

4 899 

4 

581 

PROPULSION SYSTEM 

61 236 

19187 

20 

140 

ORIENTATION CONTROL & SEPARATION 

7 258 

4 218 

2 

495 

OTHER SUBSYSTEMS 

4 445 

5 035 

5 

126 

PERSONNEL 

227 

318 


318 

PAYLOAD 


18 008 

6 

713 

MAIN PROPELLANT 

1 013 206 

242 041 

241 

224 

OTHER PROPELLANT 

27 533 

7 394 

7 

757 

LIFTOFF WEIGHT 
ENTRY WEIGHT 
LANDING WEIGHT 

1,242 864 
217,320 
210 606 

344 736 
98 250 
97 297 

344 736 
98 749 
97 751 


Figure 4 10 Baseline Vehicle Weight CharactensUcs (kg) Gross Liftoff Weight 1,SS7,000 kg 

AERODYNAMIC CHARACTERISTICS 


The combination of the large, flat undersurface of the fuselage 
with the fixed straight wing and the laige vee tail leads to favorable 
aerodynamic stability trends, as indicated m Figuie 4-11 The normal 
force coefficients for the boostei fuselage by itself, foi the wing by 
Itself, and for the vee tail by itself as a function of Mach number are 
shown in the diagram at the upper right-hand corner of the chart 
Note that the body normal force coefficient is essentially inde- 
pendent of the Mach numbei The force coefficient foi the tall 
mcreases moderately and that for the wing increases quite dramati- 
cally as the Mach number decreases toward the transonic regime 
When these three elements are combined, the overall effect (as 
indicated in the diagram in the lower left-hand corner of Figure 4-11) 
is a decreasing trim angle of attack (noted by circles in the diagram) 
with decreasing Mach number The trim angles of attack are 
determined by considering the location of the center of pressure and 
the center of gravity 

Another way of indicating the vauation of the trim angle of 
attack with Mach number is presented in the diagiam in the lower 
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Figure 4-il B ooster S taht It ty Trends 

right-hand corner of Figure 4-11, which shows the noimal force 
coefficient versus the moment coefficient Foi trim conditions, the 
moment coefficient must be zeio Therefore, as indicated, the turn 
normal force coefficient (and angle of attack) decreases with 
decreasing Mach number 

The lesultant variation in trim angle of attack with Mach 
number is portrayed m Figure 4-12 The upper dashed control 
boundary is for the maximum ruddervator travel of 40 degrees up 
The lower dashed control boundary is for the maximum down 
ruddervator travel of 20 degrees Stable operating conditions he 
between these boundaries Note that for the case of no ruddervator 
deflection, the turn angle of attack decreases from approximately 55 
degrees at Mach 10, in a smooth manner, to zeio degiees at 
approximately Mach 1 The natural reduction in trim angle of attack 
as the Mach number decreases during the entry phase has a veiy 
favorable weight impact Potentially high buffet loads associated 
with penetrating the tiansonic regime at a high angle of attack are 
avoided Ruddervatoi aiea and control power requirements are also 
minimized 


Figure 4 i2 VanAUm of Trim Angle of Attack 

The payload capability for the mated booster/orbiter system is 
quite sensitive to drag loss during the boost phase As a result of 
recent investigation, the nose of the booster has been sharpened from 
that of the proposal booster This change m nose shape has resulted 
in a net payload change of 57 kilograms (Figuie 4-13) Still sharper 
noses, such as nose C, are being investigated The tradeoff that must 
be examined, of course, is the i eduction in boost-phase drag loss as 
compared to the weight increase associated with further streamlining 
This study of nose shape is typical of the many studies which are 
underway to improve the capability of the baseline booster further 

SEPARATION AND ABORT 

Selection of the baseline separation concept was based on many 
criteria These included (1) the exclusion of droppable hardware 
(which would preclude the attainment of all azimuth launch 
capability), (2) the exclusion of pyrotechnics and of expendable 
components such as solid rocket staging motors, and (3) the inherent 
capability to provide positive separation, not only at normal staging 
conditions, but also under aboit conditions 


-39- 


SD 70-9 




Space Division 

North Amencan Rockwell 



ALL CIRCULAR 


NOSE SHAPE 

PAYLOAD CHANGE (KG) 

PROPOSAL BOOSTER 

0 

WITH NOSE D 

+56 7 

WITH NOSE C 

+226 8 

WITH HEMISPHERE NOSE 

1088 6 


Figure 413 Vanattons to Baseline Booster Nose 


The separation concept selected for the baseline is shown in 
Figure 4-14 The oibiter main rocket engines are ignited to provide 
separation force The auxiliary propulsion systems, in both booster 
and orbiter, piovide attitude control during the separation phase 
Mechanical linkages attached to the booster ensuie the maintenance 
of appropriate separation clearances 

Separation sequencing is shown in Figuie 4-15 The sequencing 
IS initiated when a low-level sensor m either the liquid oxygen or 
liquid hydrogen propellant tank in the booster is uncovered near the 
end of the boost-phase operation Uncovering the low-level sensor 
activates a run-out clock, which, in proper time sequencing, sends 
out the discretes to ignite the rocket orbiter engines, to command 
shutdown of the booster rocket engines, and to initiate linkage 
rotation The exact time sequencing can only be deteimined after 
definitive experimental data are obtained on the thiust transients 
associated with booster shutdown and oi biter engine startup and 
altitude This staging system, as noted, offers the mheient capability 
to operate under conditions of abort 


t = 7 5SEC 



ORBITER MAIN ENGINES PROVIDE SEPARATION FORCE 
AUXILIARY PROPULSION SYSTEMS PROVIDE ATTITUDE CONTROL 
MECHANICAL LINKAGES ENSURE SEPARATION CLEARANCES 
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Figure 4 15 Baseline Separation Sequencing 
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Intact abort is a desired feature and is indicated in Figuie 4-16 
The concept is that, if major malfunctions occui prior to st^^mg, the 
mated vehicle combination will continue to an altitude wheie the 
dynamic pressure is sufficiently low to permit separation of the 
ot biter and booster After this abort separation, the booster will 
continue to operate at least some of the rocket engines to burn off 
all the rocket engine propellants It will then make a normal entry 
and cruise, using its air-breathing engines, back to the landing strip at 
the launch site After abort sepaiation, the orbiter will also burn off 
Its rocket propellants and, during this operation, will adjust its 
trajectories to assure that at the completion of its entry phase it is 
within range of an acceptable landing site 

STRUCTURAL AND THERMAL PROTECTION SYSTEMS 

A simple inboard profile of the booster is presented in 
Figure 4-17 The major characteiistics selected and the rationale for 
their selection are presented in Figure 4-18 The main propellant 
tanks are separate, cylindiical, load-carrying structures fabricated of 



2219 aluminum Such tanks lead to high volumetric efficiency and 
low structural weight 

The liquid oxidizer tank is located forward to assist in keeping 
the center of gravity forward near the aerodynamic center of 
pressure No penetrations are made of either liquid oxygen or liquid 
hydrogen propellant tanks for purposes of stiuctural attachment 
The air-breathmg engines are deployable and mounted forward This 
provides a benign environment for the air-breathing engines during 
the boost and entry phase, assists in balance by moving the center of 
gravity forward, and assures excellent inlet performance for the 
engines in their deployed (operating) condition 
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Figure 4 18 Booster Design and Packaging Considerations 


-41- 


SD 70-9 




Some other packaging arrangements consideied are shown in 
Figure 4-19 Common bulkheads were eliminated to assure a reliable 
structure compatible with low-cost fabrication and with easy 
accessibility for inspection and repair Floating tanks were eliminated 
in favor of integral load-cairying tanks This is feasible for the 
booster since it does not have large cutouts such as the orbiter 
requires for the cargo bay The aft location of the liquid oxidizer 
tank was eliminated because that position resulted in an unfavorable 
aft location of the center of gravity 

Structural design conditions are portrayed in Figure 4-20 The 
forward portion of the fuselage is designed by the condition of 3 g’s 
at booster burnout The cylindrical portion of the oxidizer tank and 
the inteistage structure is designed by the max qa condition The 
cylindrical poition of the liquid hydrogen tank is primarily designed 
by the 3-g condition at booster burnout, but at an aft station the 
maximum ground-wind condition dominates The lower portion of 
the aft fuselage is designed by thrust plus max qa The corresponding 
load intensities (plus for tension and minus for compression) ate 
shown in the lower diagram of Figure 4-20 Peak values in both 
tension and compression are approximately 900 kilograms per 
centimeter 

To avoid penetiation of the mam propellant tanks, four majoi 
ring structural assemblies are used (Figure 4-21) A ring assembly just 
forward of the liquid oxygen tank takes out structural loads 
associated with the nose landing gear, with operation of the attitude 
control propulsion system thrusters, and with deployment and 
operation of the air-breathing cruise engines The second major 
structural assembly is in the intertank region, where, at the top of 
the fuselage, the loads associated with the forward orbiter attach- 
ment are taken out The mam structuial ring assembly is located at 
approximately the middle of the liquid hydrogen tank At this 
station the stiuctural loads associated with the wing, mam landing 
gear, and with the aft attachment of the orbiter are taken out The 
rear barrel assembly aft of the liquid hydrogen tank takes out 
stiuctural loads associated with the vee tail and the axial thrust of 
the main rocket engines 
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Figure 4-19 Alternate Design Approaches 






Figure 4 20 Booster Design Conditions and Load Intensities 
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Figure 4 21 Booster S tructural Features 

The cold load-carrying structure is protected fiom the boost 
and entry heating environment by a thermal protection system In 
addition, ceitain of the structural elements are of the hot structure 
variety Selection of the external material is dependent on the 
thermal environment experienced during the boost and entiy phase 
This IS determined by detailed thermodynamic analysis and will be 
confirmed by wind tunnel tests 

Figure 4-22 presents a comparison of the booster entry 
trajectory with the flight corridoi that has been experimentally 
explored during flights of the X-15 research aircraft Maximum 
heating during booster entry occurs just to the right of where the 
booster entry trajectoiy penetrates the right boundary of the 
corridor explored by the X-15 However, it is close enough so that 
good extrapolation of X-15 flight test data is possible, and this 
extrapolation of experimental data coi relates well with theoretical 
analysis Figure 4-23 shows the calculated variation of the tempera- 
ture of a thermal protection system panel located undei the liquid 
oxygen propellant tank 12 2 meters from the nose of the boostei 
The temperature of the aluminum liquid oxygen tank is also shown 
as a function of time 
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Figure 4 23 Booster Temperature, Oxygen Tank Area Lower Surface 12 2 Meters From Nose 
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The outer shell experiences a peak temperature of approxi- 
mately 500°C, and this peak temperature is reached at apptoxi- 
mately six minutes after launch, during the entiy phase The outei 
shell is sepal ated from the aluminum liquid oxygen propellant tank 
by a space purged with dry mtiogen Thus, the aluminum LO 2 tank 
is protected from convention heating, and its modest temperature 
increase (Figure 4-23) is that resulting from radiation from the inside 
suiface of the thermal protection system panel 


Similar data are presented in Figure 4-24 at a point on the lowei 
surface on the booster 27 4 meteis from the nose m the liquid 
hydrogen propellant tank region The outer shell temperatures are 
quite similar to the previous case The tempeiature of the aluminum 
liquid hydrogen tank is somewhat higher than that of the aluminum 
liquid oxygen propellant tank (Figure 4-22) since the hydrogen tank, 
unlike the LO 2 tank, has internal insulation and is thus not subjected 
to the internal cryogenic temperature of the liquid hydrogen 
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Figure 4 24 Booster Temperature, Hydrogen Tank Area Lower Surface 27 4 Meters From Nose 


The maximum tempeiatuies experienced during either the 
boost or the entry phase and selected mateiials for the thermal 
protection system and hot stiucture are summarized in Figure 4-25 
The upper surface of the fuselage has moderate temperatures of less 
than 300°C Thus titanium 6A1-4V, which has an excellent 
strength-to-weight ratio, can be used Majoi portions of the undei sur- 
face of the fuselage are subjected to temperatures in the range of 400 
to 700®C For these areas Inconel 718 has been chosen The lowei 
surface of the stabilizer, which is subjected to high heating rates 
during entry, experiences tempeiatures up to 850°C, and in this 
region Rene 41 has been selected The leadmg edge of the wing in the 
inboard region and in certain other small areas of shock impingement 
heating will experience temperatures as high as 1300°C Foi these 
relatively small areas, coated columbium has been selected The 
temperature distiibution shown and choice of mateiials will piobably 
change slightly as more definitive experimental data are obtained m 
wind tunnel tests and more definitive material characteristics are 
obtained from material and structural tests 
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Figure 4 25 Booster Maximum Temperatures and Malenais Distribution 
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The variation of acoustic levels at liftoff versus distance from 
the rocket nozzle exit plane is presented in Figure 4-26 Overall 
sound pressure levels of approximately 175 db are expeiienced near 
the nozzle exit plane As a consequence, careful attention to fatigue 
associated with repeated exposure to such acoustic levels must be a 
prime consideration in design of the vee tail and selection of 
structural materials 

BOOSTER PROPULSION SYSTEMS 

Three propulsion systems piovide thrust for the booster during 
Its flight (Figure 4-27) Twelve liquid oxygen and liquid hydrogen 
propellant rocket engines developing 2,170,000 kilograms of total 
thiust at launch accelerate the booster and orbitei to staging 
conditions When the acceleration leaches a level of 3 g’s, the rocket 
engine thiust is throttled to maintain acceleration at 3 g’s After 
separation, the booster is pitched to an angle of attack of 55 degrees 
and banked 40 degiees to reduce its down-range flight Thrust from 
the attitude control system provides reactant toique for these 
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Figure 4 26 Acoustic Levels at Liftoff 
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Figure 4 27 Booster Propubio^i Systems 

maneuvers and vehicle stabilization duiing entiy until aerodynamic 
surfaces ate effective Four air-breathing engines aie deployed when 
the booster is subsonic, and these provide thrust for the ciuise return 
flight of approximately 350 nautical miles to the launch site The 
engines are also used for ferry flights of the booster from one 
location to anothei Each system will now be discussed in more 
detail 

Mam Propulsion System 

The mam propulsion system (Figuie 4-28) is the primaiy 
propulsion system of the booster The othei two piopulsion systems 
provide for the safe recovery of the booster after it has accelerated 
the orbiter to staging conditions 

The propellant tanks foi the main propulsion system serve as 
the piimaiy structural member of the booster body The oxygen 
tank is located foiward of the hydiogen tank to provide balance 
(centei-of-gravity location) foi vehicle stability in case of loss of 
rocket power 
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Figure 4 28 Mam Propulsion System 


The mam propulsion system includes 12 high-performance 
LO 2 /LH 2 engines The capability to complete the mission even after 
loss of one engine is required to meet the system reliability criteria 
This capability is provided by operating the remaining engines at 
9 percent overthrust Even with two engine failures, the primary 
mission can be accomplished by operating the remaining engmes at 
15 percent overthrust 

Design features of the propulsion system (Figure 4-29) have 
been selected to minimize maintenance and servicing requirements, 
while obtaining high reliability and safety This is achieved by the 
elimination of nonessential components and subsystems, or by 
redundancy Use of flex joints or bellows, which may be subject to 
fatigue failures, is minimized Where required, tension-carrying flex 
joints with external double-wall multiple bellows are used LH 2 ducts 
are vacuum-jacketed thioughout An active propellant utilization 
system is not used, since repeated flight experience with each 
operational booster will allow elimination of significant systematic 
residual errors, and sensitivity of payload capabilities to remaining 
errors is slight Tank pressurization is obtained by gasified propel- 
lants supplied from the engine (278 K, H 2 , and 444 K, O 2 ) This 
reduces maintenance through elimination of a separate helium 
pressurization system 



Figure 4 29 Booster Mam Propulsion System 


LO 2 IS supplied to the engine through two manifolds, each 
branching to feed six engmes The LH 2 is supplied to the engine 
through four manifolds, each branching to feed three engines Branch 
points are located to provide equal-length flow paths to each engine, 
minimizing residuals and giving equal pressure losses and transients at 
each engine Thermally driven natural circulation, obtained by 
connecting the liquid oxygen manifolds at the engine interface with 
recirculation ducts, eliminates geysering and preconditions the engine 
feed ducts This form of recirculation lequiies no active subsystems 
and has been proved on the Saturn fC, Atlas, and Titan I 

As shown in Figure 4-30, the number of main locket engmes on 
the booster optimizes at 12 foi the 180,000-kilogram-thrust engines 
This lelates to a thrust-to-weight ratio of 1 37 at liftoff for the 
booster As the number of engines is increased or deci eased by one, 
there is a corresponding reduction of payload capability of 7 and 1 1 
percent, respectively 
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NO OF BOOSTER ENGINES 
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f f f III II If ///i/iZ 
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Figure 4 30 Number of Booster Engines 


Figure 4 Si LOg Peed Duct Geometry Options 


Reliability and cost analyses have shown that it is most cost 
effective to continue the flight if one engine becomes inoperative To 
provide this capability, the remaining engines overthrust to compen- 
sate for lost thiust resulting from one engine out This engine 
capability is provided at the engine nominal mixture latio with little 
or no reduction in engine life If two engines fail, the mission can be 
completed by overthrusting the ten operating engines by 15 percent 
Operation at 15-percent overthiust will probably result in a modest 
reduction in engine life, but such operation would only occur in the 
rare case m which two engines fail 

Several liquid oxygen feed duct options were investigated to 
select the baseline configuration of two external lines (Figure 4-31) 
Then geometry is important to the booster propulsion system since 
they contain 67,000 kilogiams of liquid oxygen (8 percent of the 
total) and reach an internal pressuie of 17 Wlograms per square 
centimeter durmg flight as a result of acceleration effects 


Weight favors the external duct configuiation, as only a single 
wall duct is required versus a dual wall duct for an internal line to 
insulate the oxygen from the hydrogen Additionally, with the 
external ducts, both propellant tanks are shelter, and oxygen volume 
m the ducts is greater Also, there is no corresponding reduction in 
available hydrogen tank volume 

Residuals occur as a result of unequal usage in the event of an 
engine out or different flowrates The least effect will be felt with 
the arrangement having the shortest line length from the bianch 
point, 1 e , the dual external line 

If leaks occur with the internal duct configuration, the duct 
must be removed fiom the tunnel for repair For external ducts, leak 
potential is halved, since there are no tunnels, and liquid oxygen duct 
leaks may be repaued m place without duct lemoval 
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The use of dual external lines also provides a natural recircula- 
tion to prevent geysermg and to mamtam subcooled LO 2 at the 
thrust section foi unlimited hold durations With internal lines, heat 
transfei to the LH 2 may suppress recirculation to an unsteady flow 
condition that may not be piedictable A subsystem such as helium 
injection would therefoie be needed to force circulation 

Booster Attitude Control Propulsion System 

The boostei attitude contiol propulsion system piovides pitch, 
yaw, and roll control during the phase of boostei flight between 
booster and orbiter separation and tiansition to aerodynamic 
controls at appioximately six minutes after separation Duiing this 
phase, when aerodynamic controls aie ineffective, the system 
piovides the required control torques to correct separation dis- 
turbances, maneuver the vehicle to the desired pitch and bank 
attitude foi atmospheric entry and turn to the flyback heading, and 
maintain desired vehicle attitude during the entty phase 

The boostei system uses high-chamber-pressure, 21 kg/cm 
engines operating with gaseous hydrogen and oxygen propellants 
supplied thiough vapoiization of stored liquids in a gas generator and 
heat exchanger conditioning loop The baseline system (Figure 4-32) 
IS a low development risk system It can be developed and proved 
independently of the booster vehicle and can use minimum tech- 
nology risk components 

The system is configured to provide opeiational capability aftei 
component failure with no reduction in performance Even after 
thiee component failures, safe capability is provided, although with 
reduced performance Components are sized to accommodate the 
maximum system impulse ovei the range of missions assigned 

As illustrated, engines and system components are located 
forward of the mam LO 2 tank to maximize engine moment arms, 
minimize system weight and complexity, and aid vehicle balance 
considerations 



Twenty-two engines, at 680 kilograms of thrust each, supply 
0 5-degiee per second squared of rotational acceleration lates and 
minimum cross coupling with one engine in any axis inoperative 
Engines aie located to avoid penetration of the vehicle theimal 
protection system in areas of maximum entry heating As propellants 
are used by the thiusters and by the gas generators, decay of 
accumulator pressure is sensed and makeup liquid propellants are 
supplied to the heat exchanger for theimal conditioning and 
accumulator charge The proper feed temperature to the attitude 
control engines is obtained b} modulating the gas generator flowrate 
to maintain constant propellant dischaige temperature from the heat 
exchanger 

Propellant feed for the vehicle auxiliary power units is tapped 
off downstream of the accumulators Operation of the propellant 
supply and conditioning loop for auxiliary powei supply begins at 
launch minus five minutes and continues until termination of 
operation shoitly aftei booster landing 

The hot-gas generator exhaust gases are ducted to the base of 
the vehicle, where they aie vented duiing in-flight operation Duimg 
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operation prior to launch, the exhaust products are ducted away 
fiom the vehicle thiough a disposal system connected to the in-flight 
vent poit 

For maximum commonality and minimum development cost, 
attitude control engines, propellant conditioning loop components, 
and system valving and regulators will be common between boostei 
and oibiter, wheie possible 

A chamber piessuie of 21 kilograms per square centimeter and a 
nozzle expansion ratio of 20 1 were selected to limit engine size and 
exit plane aiea and minimize system weight An insulation jacket 
around the engine nozzle and combustion chambei allows buiied 
installation in the booster Dump-cooled extensions to the basic 
thrust chamber provide foi engine installation, with the exit plane 
flush with the vehicle skin surface and resulting exit plane scarfing 
angles of approximately 32 degrees for the pitch and loll engines 
The engine uses a dual spark ignition system Engine design 
accommodates both steady-state and pulse-mode filing operation 
The requirement for extended operating life and cyclic capability is a 
major challenge for design of the attitude contiol engines The basic 
chaiactenstics of the engine aie summaiized in Figure 4-33 

Air-Breathing Propulsion System 

Cruise, go-around, and ferry propulsion ate piovided m the 
baseline configuration by four hydtogen-fueled General Electric 
CF6-50C high-bypass-iatio (BPR) turbofans (Figure 4-34) These 
engines, committed to production foi the DC-10 Series 30 transport, 
have the highest thrust rating and the best thrust-to-weight ratio 
(T/W) of any programmed high BPR turbofans in the 18,000- to 
23,000-kilogram-thtust class The superior cruise specific fuel con- 
sumption results in the lowest system weight Othei candidate 
engines, howevei, are being considered 

The foui-engine installation peimits safe ciuise flight aftei entry 
even if two of the engines fail to deploy or operate With the failure 


of one engine, three engines will provide thiust foi cruise at 
Mach 0 35, at maximum continuous thrust setting With two engines 
failed, the vehicle will cruise at maximum continuous thrust at 
Mach 0 28 with the two remaining engines operating LH 2 is used for 
boostei cruise Its greater energy per pound, lelative to JP-type fuel, 
results in an increase of 9,000 pounds m payload to orbit 



THRUST IV AC) 

680 KG 

CHAMBER PRESSURE 

21 KG/CM^ 

SPECIFIC IMPULSE 

423 SEC 

OPERATING LIFE 

3 X 10® SEC 

RESTARTS 

1q6 

WEIGHT 

11 3 KG 



Figure 4 33 Attitude Control Propulsion System Engine Characteristics Summary 




Figure 4 34 Air Breathing Propulsion System 
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The podded turbofans are stowed m an unpiessurized compart- 
ment forward of the mam liquid oxygen tank After entry, they aie 
deployed hydraulically about individual pivots Short concentric 
inlets and concentric noncoplanar exhaust nozzles provide optimum 
cruise perfoimance The DC-10 wmg-mounted pods are similarly 
arranged The pod and pylon concept places the engines in a 
desirable flow field for opeiation It also enhances ground turn- 
around, service, and maintenance Double-breech cartridge starters 
are used for maximum air-start reliability 

The LH 2 fuel is contained in a separate ciuise fuel tank, formed 
by an added bulkhead in the forwaid portion of the mam LH 2 tank 
Submerged boost pumps supply liquid to the engine After the 
staitup, gaseous hydrogen, bled from the heat exchangers at the 
engrnes, is used for tank pressurization 

An existing air-breathing engine is preferred over a new 
development to save $200 to $500 million in nonrecurring costs and 
12 to 20 months in development time, at a lelatively small engine 
and fuel weight penalty (Figure 4-35) Not only are the development 
costs an order of magnitude highei foi a new engine, but the 
maintenance costs would be appreciable because of engine use on the 
shuttle alone, and not on any airlines 



EXISTING 

NEW 

NON RECURRING COST THRU QUALIFICATION 
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Figure 4 Existing Versus New Air Breathing Engines 


Four engines available from three different companies are prime 
candidates for the boostei turbofans The ensuing competition will 
help to reduce engine development and procurement costs These 
engine options aie shown m Figure 4-36 

The GE CF6-50C turbo fan was selected for the baseline booster 
because it is^ lightei and has a higher thiust level than competing 
engines committed to pioduction The higher-thiust engines permit 
the booster to lose two engines and still letuin to the launch site 

OTHER SUBSYSTEMS 

Integiated Avionics Subsystem 

A major objective in the definition and design of the integrated 
avionics subsystem (IAS) is cost savings to be achieved by com- 
monality between the orbitei and booster avionics The subsystem 
(discussed in greatet detail in the orbiter section) is diagrammed in 


MANUFACTURER 
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ROLLS ROYCE 

PRODUCTION MODEL 

TF39 1 

CF6 50C 

JT9D 15 
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«■» 
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KG/HR7KG 
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•PRODUCTION CONTINGENT UPON SALE OF STRETCHED L 1011 NOT YET COMMITTED 
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Figure 4 36 Candidate High Bypass Ratio Turbofans 
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Figure 4-37 Because of the oi biter’s more sophisticated mission 
requirements, the integrated avionics design is driven by the orbiter 
lequiiements, with hardwaie and software eliminated for the booster 
only Since the requirements for the booster are less stringent than 
those foi the orbiter, some of the hardware and software required for 
the orbitei IAS can be eliminated in the booster application In 
particular, the entire rendezvous and docking avionics subsystem can 
be eliminated (Figure 4-37) 

Crew Compartment 

The crew compartment, designed for a crew of two, is shown in 
Figure 4-38 The overall compartment configuration, ariangement, 
seats, flight controls, avionics, and displays are essentially identical to 
the orbiter Differences in console exist because of elimination of 
translation controls 

Displays, readouts, and backup flight instruments are located on 
the forward panel Subsystem controls are located on the consoles 
and overhead panels Hand controlleis for flight control aie located 
on each seat arm rest The booster can be flown fiom either seat and 
by a single crewman External visibility is comparable to that of 
commercial aircraft 

Ingress and egiess are provided by two overhead hatches and 
from a hatch that leads to the bottom of the vehicle 

Crew procedures and operations are the same as for the orbitei 
to minimize training requirements and to provide flexibility in ciew 
selection 

The environmental control life support system (Figure 4-39) 
provides a shirt-sleeve environment, controls cabin temperature, 
humidity and pressure, lemoves C 02 > and provides cooling for 
electrical and avionic equipment The oxygen and nitiogen atmos- 
phere IS contiolled to 0 7 kilogiam pei square centimeter absolute 
with 0 217 kilograms pei square centimeter oxygen partial pressure 
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DISPLAYS BASICALLY THE SAME FOR ORBITER AND BOOSTER 

CONTROLS . 


Figure 4 38 Crew Compartment 
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Figure 4 39 Bmironmen tal Control and Life Support Baseline 

A fluid loop with redundant pumps transports heat from the cabin 
heat exchange! and equipment cold plates and rejects it to a 
hydrogen heat exchanger A small quantity of oxygen is stoied for 
replenishing the atmosphere to maintain the requited oxygen partial 
pressure level and to provide emergency oxygen for use with a face 
mask The orbiter system is common to that of the booster except 
for the requirements that are unique to orbiter operations such as 
food, water and waste management, the need fot a space heat sink, 
and long-duration operation 

Power Subsystem 

The powei subsystem has four identical auxiliary power units 
(APUs), as shown in Figuie 4-40 Each unit diives a hydraulic pump 
and a generator, piovides all power for the electrical and avionics 
systems, aerodynamic flight controls, cruise engine deployment, and 
landing gear operation APU’s operate continuously from pielaunch 
to landing Gaseous O 2 /H 2 reactants were selected because of lower 
fuel consumption and to provide commonality with the propulsion 



propellants The four hydraulic systems are physically separated and 
functionally isolated from each other to preclude multiple system 
loss in event of failure The flight contiol system is fly-by wire Tlie 
redundant servoactuators incorporate automatic fault isolation capa- 
bility The redundancy shown provides for safe operation aftei two 
failuies for the mechanical systems and safe opeiation after tiiree 
failures for the electrical system, consistent with the avionics system 
criteria The APU, hydraulic pumps, and geneiatois are identical to 
those used on the 01 biter Conventional state-of-the-art components 
and design concepts aie used in the hydraulic and electiical systems 

Landing Gear 

The landing gear is a tiicycle type Each mam gear consists of a 
conventional air-oil telescoping shock strut, folding side brace, four 
wheels, brakes, and anti-skid system The system retracts inboard 
(Figure 4-41) The outboard door is linked to the strut, and the 
inboaid door is hydiauhcally actuated The nose geai (Figure 4-42) 
consists of a conventional air-oil telescoping shock strut, folding drag 
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Figure 4 41 Mam Landing Gear 


brace, dual wheels, and stceimg Doors are mechanically actuated by 
operation of the gear The landing system utilizes conventional 
state-of-the-art equipment and is similar to that used on large 
commercial and military aircraft Landing geai cluracteiistics arc 
summarized in Figure 4-43 


AIR on. TELESCOPING STRUT 
MECHANICAL DOWN AND UP LOCKS 

TYPE VII TIRES (142 CM X 41 CM) 



18 3 KG/Cm2 main GEAR 

7 7KG/CM2 nose GEAR 

MAIN GEAR ANTI SKID BRAKE SYSTEM 

NOSE GEAR STEERING 

Figure 4 43 Landing Gear 


Figure 4 42 Nose Landing Gear 
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5. OPERATIONS 


Operations from the post-landing operation thiough flight are 
discussed in this section As shown in (Figure 5-1), the time for the 
total operation from landing to liftoff is 14 days This includes 
post-landing operations, maintenance and refurbishment operations, 
pielaunch operations, and launch operations The booster flight 
operation lasts under two hours The baseline orbiter can stay in 
orbit approximately seven days before returning to the launch site 
Thus, although the booster has an operational cycle of 14 days, the 
cycle for the orbiter is 21 days 

American Airlines is a key member of the North American 
Rockwell and Convair team The airline’s extensive experience in 
operating and maintaining commercial aircraft is being applied in the 
early phase of shuttle definition and design to assure that low-cost 
operations can be achieved American Airlines is preparing detailed 
time lines and manpower loading tables for shuttle maintenance and 
refurbishment and for other ground operations American Airlines 
personnel are working with membeis of the North American 
Rockwell and Convair design teams to assure that appropriate design 
features are included that will facilitate low-cost operations 

The baseline operations facilities are described in this section, 
followed by a more detailed discussion of each operational phase 

BASELINE OPERATIONS SITE 

The baseline operations location selected is the Kennedy 
Spaceflight Center (KSC), Florida This baseline (Figure 5-2) is 
simply a point of departure foi the many trade studies (with respect 
to final selection of the operation site) that will be conducted during 
Phase B Final selection of the operations site will be made by 
NASA The KSC baseline would use existing Saturn and Apollo 
facilities with minimal modification A new runway 3050 meters 
long would be required The Veitical Assembly Building (VAB) 
would be modified as shown to provide both the high bay and low 


bay required for booster and orbiter maintenance and refurbishment 
A safing area would be required to deplete and clean the propellant 
tanks after landing This area would be located between the runway 
and the maintenance building Either Saturn/Apollo Pad A or B 

LANDING (T 14 DAYS) 

T 

POST LANDING OPS 


MAINTENANCE & 
REFURBISHMENT OPS 


I BOOSTER! 

I ORBITER^ 
FLIGHT OPS 

Figure S 1 Ground and Flight Operations 
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21 DAYS 

BOOSTER 

14 DAYS 


PRELAUNCH OPS 


LIFTOFF 

(T=0) 


LAUNCH OPS 


ATLANTIC OCEAN 



VEHICLE ERECTORl 
AT LAUNCH PAD 


Figure 5 2 Baseline Operations Facthties 
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would be modified to facilitate erection of the mated booster and 
orbiter Fuel and oxidizer would be loaded and checkout completed 
at the pad Existing liquid hydrogen flow rate capacity at the pads is 
not adequate for the shuttle and will therefore require modification 

One of the features of the NR/Convair design is the piggyback 
arrangement shown (Figure 5-3) This ariangement allows for the 
orbiter (unfueled) and payload to be installed on the booster and 
then towed to the pad on the booster landing gear, thereby 
eliminating the expense and complexity of a crawler-type vehicle 
This capability does not create a design load in the booster landing 
gear since the gear is designed by landing loads 



POST-LANDING OPERATIONS 

An artist’s concept of the booster landing is shown in 
(Figure 5-4) (This event is related to the first bar in Figure 5-1 ) 
After the landing, the vehicle will taxi off the strip and will be towed 
(or taxi) to the safing area (Figure 5-5) 


The post-landing operations for the booster take a little less 
than five hours from touchdown to delivery to the maintenance and 
refurbishment area A time line of this activity is shown in 
Figure 5-6, which indicates that portions of the longest functions of 
safing, data analysis, and inspection will be done in parallel to permit 
completion of the operations in less than one work shift 

A similar breakdown for the orbiter is shown m Figure 5-7 This 
operation takes approximately seven hours, two hours longer than 
for the booster The two additional hours are required because of 
passenger and cargo unloading and because of the increased amount 
of integrated avionics on board the orbiter as compared to the 
booster 

MAINTENANCE AND REFURBISHMENT 

Shifting now to the second bar in Figure 5-1, the maintenance 
and refurbishment cycle begins with the launch preparation shown in 
Figure 5-8 The booster and orbiter time lines for the maintenance 
and refurbishment cycle are shown in Figure 5-9 These time lines are 
based on one shift per day, five days a week On this basis, fewei 
than seven working days are required for the maintenance and 
refurbishment phase 

PRELAUNCH OPERATIONS 

After the maintenance and refuibishment cycle, prelaunch 
operations (third bar of Figure 5-1) are conducted The payload is 
installed in the orbiter, and the orbiter is mated to the booster in the 
horizontal position This mated configuration is then towed to the 
launch site on the landing gear of the booster (Figure 5-10) Being 
able to transport the mated configuration on the booster’s landing 
gear is one of the features of the piggyback arrangement proposed by 
NR/Convair for Phase B It eliminates the need for a crawler 
However, vertical mating and alternative methods of tiansport 
including the crawler will be analyzed during Phase B Once the 
mated configuration reaches the launch site, it is erected into the 
vertical position (Figure 5-11) It is important to note that the 


-56- 


SD 70-9 




Figure 5-4. Booster Landing 


Figure 5-5. Booster in Safing Area 
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Figure 5-6. Post-Landing Operations Time Line (Booster) 
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Figure 5-7. Post-Landing Operations Time Line (Orbiter) 
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Figure 5-8. Launch Preparation 
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Figure 5-9. Maintenance and Refurbishment Time Line 
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payload is accessible through all phases of this opeiation Again the 
baseline configuration shown is foi the KSC, but the structuie shown 
would be that required for any launch site 

I* 

The prelaunch operations time line is shown in Figure 5-12 
These opeiations lequire 18 working houis and can thus be 
accomplished m less than 3 eight-houi shifts 
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Figure S 12 Prelaunch Operations Time Line 


LAUNCH OPERATIONS 

The fourth bai on Figure 5-1 is launch operations, and the 
corresponding time line is shown in Figuie 5-13 The total time for 
the final countdown is two hours The two-houi countdown 
capability provides fast icsponse for missions such as space rescue A 
little moie than one horn of this time is taken up by piopellant 
loading, with approximately onc-half hour requiied for launch 
checkout 


Since It is one of the critical factors in the two-hour 
countdown, the piopellant loading operation is further expanded m 
Figure 5-14 The simultaneous flow of both liquid oxygen and liquid 
hydrogen from giound storage facilities to the vehicle must be a 
design consideration foi vehicle propulsion system plumbing, and for 
propellant loading system design and opeiation proceduies Launch 
opeiations are then followed by flight operations for both the 
booster and orbiter, as depicted by the last two bars of Figure 5-1 

FLIGHT OPERATIONS 

After liftoff, the booster mam propulsion system continues to 
operate for approximately thiec minutes to a staging velocity of 
2865 meters per second (Figure 5-15) The vehicle goes through a 
maximum dynamic piessure of 2865 kilograms per squaie meter at 
approximately 65 seconds After separation, the booster glides 
hypersomcally foi approximately 10 minutes and then ciuises back 
to the launch site subsonically The cruise takes appioximatcly one 
and a half hours 

The orbiter goes to orbit after staging and can remain in orbit 
fot approximately seven days before deorbit, entry, and icturn to the 
launch site The baseline mission for the orbitei is resupply of a space 
station, which is in a circular oibit inclined 55 dcgiecs from the plane 
of the equator and at an altitude of approximately 500 kilometers 
After lendezvous with the space station, docking opeiations arc 
initiated (Figure 5-1 6) 

The total flight operation time line for both orbiter and booster 
is summarized m Figure 5-17 The total operational cycle for the 
orbiter is approximately 21 days, and 14 days for the booster The 
difference is the seven-day on orbit opeiation of the orbiter Even 
before the orbiter is docked to the space station, the booster has 
landed at the launch site (Figure 5-4), thus marking a retuin to the 
start of the operational cycle as shown on the first bar of Figure 5-1 
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Figure 5 13 Launch Operations Time Line 
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Figure 5 14 Propellant Loading Operations 
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The development test philosophy for both booster and orbiter 
IS outlined in Figuie 6-1 Subsystems and structural subassemblies 
will be qualified by ground tests No complete booster or oi biter 
vehicle vull be manufactuied for ground tests The first orbiter 
vehicle and the first booster vehicle manufactuied will be used for 
horizontal flight tests Vehicles 2 and 3 (of both orbitei and booster) 
will be used for vertical flight tests first, launches of single stages 
(both booster and orbiter launches), and finally launches of the 
mated booster/orbiter space shuttle For both booster and orbitei 
vehicles, the first horizontal flight tests begin in 1975, vertical launch 
of single stages in 1976, and vertical launch of the mated 
configuiation in 1977 After flight test requirements have been 
satisfied, orbiter and booster vehicles 1 through 3 will be modified as 
required and delivered to the operational fleet 


The development progiam functional flow plan is diagrammed 
in Figuie 6-2 In addition to the production of flight test vehicles, 


QUALI FICATION LEVEL 
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HORIZONTAL FLIGHT TESTS 
<1975) 

TRANSONIC/SUPERSONIC 

CHARACTERISTICS 

BOOSTER VEHICLE 2 & 3 
ORBITER VEHICLE 2 & 3 

SEPARATE VERTICAL LAUNCHES 
BOOSTER AND ORBITER (1976) 

INTEGRATED SYSTEM 
OPERATIONS 

BOOSTER VEHICLE 2 & 3 
ORBITER VEHICLE 2 & 3 

VERTICAL LAUNCH OF MATED 
BOOSTER/ORBITER (1977) 


Figure 6 i Development Test Philosophy 



Figure 6 2 Program Functional Flow Plan 


production of structuial test articles, static piopulsion test haidware, 
and hardware foi integrated avionics and contiols testing will be 
required The piogiam elements defined in the functional flow plan 
that lead to operations (discussed m the last section) will be briefly 
discussed in sequence 

MANUFACTURING AND ASSEMBLY 

The assembly breakdown for the booster liquid hydrogen tank 
IS depicted in Figure 6-3 Since the tank structure will be fabricated 
from conventional aerospace materials, detailed parts and compo- 
nents can be fabiicated in e'^isting aeiospace facilities However, it 
may be desiiable to use cuirently available specialized facilities such 
as those available at NASA-Seal Beach and NASA-Michoud for tank 
welding and hydiostatic testing These facilities have unique capa- 
bility for assembly and testing of large propellant tanks 
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Figure 6 3 LH 2 Tanl Assembly Breakdown 


The assembly of the mated LH 2 and LO 2 tanks that form the 
structural backbone of the basic booster body is shown in Figure 6-4 

The assembly breakdown foi the booster fuselage is shown in 
Figure 6-5 The sequence of assembly is indicated in the flow 
diagram Most of the various subsystems and subassemblies are 
readily transportable to the fuselage assembly site and can be 
manufactured at othei appiopiiate sites It is expected that many of 
these will be subconti acted The mated tank assembly, however, is 
too large for transport, except by baigc It would probably be 
fabiicated at the same site used foi the fuselage assembly 

The mated tank structure is the majoi load carrying membei of 
the booster, to which the rocket engine thiust structure is attached, 
along with 12 high-picssurc, LO 2 /LH 2 , 1 80,000-blogiam-thiust 
rocket engines The flyback aii-breathing engine support stiuctuie is 
attached at the forward end of the main tank, along with the engine 
compartment structuie housing for these deployable turbofan 
engines The metallic ladiativc theimal protection system (TPS) is 



BLKHOS (2| RINGS 


Figure 6 4 Mated Tank Assembly Breakdown 



then attached to the mam tank structure by a system of support 
links that peimits differential expansion of the TPS and the tank 
structuie Final steps in the sequence aie installation and clicckout of 
the landing gear and deployment of the air-bieatliing engines These 
steps require a building with veitical clearance in excess of the 40 
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feet, which is typical of the high-bay sections of most existing 
aerospace industry factories 

The sequence for final mating, assembly, and checkout of the 
booster is shown in Figuie 6-6 The location at which the final mate 
and assembly operations are perfoimed must have a satisfactory 
landing and takeoff strip so the vehicle can be self-fen led to the 
point of flight test or operations, if these are not earned out at the 
final assembly site If circumstances dictate that the final mating 
operations take place at a site diffeient from that of fuselage final 
assembly, barge transportation probably will be needed to transport 
the fuselage from the final assembly to the final mate location Its 
size precludes overland transportation Phase B studies will consider 
various candidate assembly final mating, and flight test sites to 
determine the most economical approach The studies also will 
establish whether it is desirable to perform the final mating, 
assembly, and checkout opeiations at the same site where the flight 
test program is conducted and will determine whether this should be 
the operational site as well 



The final orbiter assembly is depicted in Figuie 6-7 The oi biter 
is smaller than the booster, and its final assembly can be carried out 
in facilities compatible with the pioduction of vehicles such as large 
commercial airciaft oi expendable launch vehicles The assembly site 
should have ready access to a 3050-meter runway for initial flight 
tests and feiry operations The propellant tanks in the orbiter are 
suspended within the load-cairying structure and aie smaller and 
theiefore easier to transport than the laige load-can ymg propellant 
tanks of the booster This allows more flexibility m the choice of 
final assembly site foi the oibitei 



Figure 6 7 Find Orbtter Assembly 

GROXJND TESTS 


A large variety of giound tests of major subsystems and 
subassemblies is required (Figuie 6-8) Wind tunnel tests must be 
conducted at a number of government and industry facilities to 
explore completely the flight regimes of the vehicle A laige number 
of design development tests will be required to verify the selection of 
materials and detail design concepts Subsystem and structural 
subassembly tests will be required 
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Figure 6 8 Major Ground Tests 

Major structuial tests must be conducted on critical booster 
structural subassemblies (Figuie 6^9) Typical of this very extensive 
test program aie the tests of the wing and cairy-through section The 
structuial incegiity and leak tightness of the ctew compartment 
under pressuie loads must also be demonstrated Because of the large 
thermal gradients experienced by many of the sections, it will be 
necessary to test at elevated temperatuies simulating flight environ- 
ment as well as at room temperature Because the shuttle vehicles are 
reusable aerodynamically recovered vehicles, the final proof testing 
will, of course, be conducted in flight tests to subject the structure to 
Its final flight environment in an inciemental fashion 


A similar set of major stiuctuial tests must be conducted on the 
oibitei (Figure 6-10) These tests again will verify the structural 
integrity and check out the operation of all mechanical equipment 
such as landing gear and deployment of jet engines Wheie thermal 
stresses aie a pioblem, tests must also simulate the flight environ- 
ment to the extent necessaiy to check out the design at operating 
conditions 


Existing test facilities such as the Marshall Space Flight Center 
static test facility can be used foi major space shuttle structural static 
and fatigue tests as shown in Figure 641 (It should be noted that 
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empennage landing gear 


Figure 6 9 Major Structural Tests (Booster) 



Figures 10 Major Structural Tests (Orbtter) 
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MARSHALL SPACEFLIGHT CENTER STATIC TEST FACILITY 

Figure 6 11 Structural Stattc/FaUgue Test of 
Booster Thrust Barrel 


BOOSTER FIRING 
TESTS 


BOOSTER CRYOGENIC ORBITER FIRING 

TESTS tests 




Figure 6 12 Static Propulsion Test, Mississippi Test Facility 


the specific development facilities referenced m this section have 
only been selected as baseline for the stait of Phase B During 
Phase B, tradeoff studies v^dl be conducted in which all feasible 
development facilities are considered Final selection of majoi 
development facilities will be made by NASA ) Large components 
such as the booster thiust barrel, as well as numerous smallei 
structural static and fatigue test specimens, could be handled in this 
facility The booster tankage is comparable in size to that of the 
Saturn fust stage Therefore, this facility is well suited to the 
experimental work 

Static propulsion system tests could be conducted at existing 
facilities at the NASA Mississippi Test Facility (Figure 6-12) Only 
modest modifications would be required to the Saturn first-stage 
Stand to permit static firing of the booster piopulsion system to be 
carried out there Ciyogenic fatigue tests of the booster load-carrying 
propellant tanks could also be earned out at one of the Saturn 
second-stage test stands at the Mississippi Test Facility with only 


moderate modification The second Saturn stage-two test stand at 
the Mississippi Test Facility could support the static propulsion 
system firings for the orbiter propulsion system with only minor 
modifications of the facilities required Other test sites such as the 
NASA Rocket Propulsion Laboratory in California are being 
evaluated 

Detailed ground tests of the integrated avionics and control 
systems could be carried out using a test setup such as shown 
(Figuie 6-13) Interface of the integrated avionics with the flight 
contiol hardware could be checked out in development tests by 
connecting the avionics components to a flight deck mockup and an 
“iron hoise’’ fuselage and wing with the flight controls installed, and 
a vehicle thiust section with the engine gimbaling ptovisions Flight 
crews and engineers could then simulate typical flight situations, 
checking the operation of the system and the interfaces between 
avionics and mechanical systems 
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HORIZONTAL FLIGHT TESTS 

The NASA Flight Research Center in Caltfornia, well suited foi 
horizontal flight tests of both the boostei and orbitet, has been 
selected as a baseline for these tests (Figure 6 14) The orbitei and 
booster will be flight-tested separately as subsonic airciaft, going 
thiough all the steps traditionally followed in aircraft testing 
beginning with low-speed taxi tests and progressing up through 
low-speed flights until the entiie speed and altitude spectrum of the 
vehicle operating with its airbreathing engines has been satisfactoiily 
checked out Since the orbiter and booster are i datively simple 
subsonic vehicles with rather modest performance requuements, as 
compared to conventional aucraft such as the C-5A, the subsonic 
phase of flight testing will be much shoitcr and will be ducctcd 
primarily at demonstrating the flightwoithincss of the vehicles 

Specific horizontal flight test objectives aie summaiizcd in 
Figure 6-1 5 The pnmaiy objective is to demonstrate the flight- 
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Figure 6 i4 Horizontal Flight Test 

GROUND HANDUNG CHARACTERISTICS 

AIRSPEED CALIBRATION 

TAKEOFF fit LANDING PERFORMANCE 

STALLS & SLOW FLIGHT CHARACTERISTICS 

VIBRATION FLUTTER & STRUCTURAL LOADING DATA 

CLIMB & CRUISE PERFORMANCE 

SUBSYSTEMS FUNCTIONAL CHECKS & PERFORMANCE 

FLYING QUALITIES 

I tguTL 6 iS Horizontal t light Test Objectives 

worthiness of the orbiter and boostei m the subsonic flight mode 
Tests will be conducted m an inercmental fasiiion to peimit 
modifications and corrections in procedures to be made as the tests 
progress In the mtcicsts of flight testing at the earliest piactieal 
time, many subsystems not essential to tins phase of flight (such as 
locket engines) could be left out, simulated by moekup, oi installed 
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as inactive hardware to simulated mass properties This would peimit 
tests to concentiate on the hardware involved m the subsonic legime 
only 

VERTICAL FLIGHT TESTS 


The boostei and orbitei will be tested separately in veitical 
flight tests, as indicated (Figuie 6-16) After satisfactoiy completion 
of separate tests, they will be mated for integrated system tests, 
which will be conducted in incremental steps until the entire 
performance envelope is exploied The chait indicates typical tests to 
be accomplished in these three tests modes The vehicles would 
initially be flown at reduced thiust levels (engines throttled) and 
with reduced propellant loads so that their flight envelopes could be 
expanded inciementally Independent tests of the booster impose no 
particulat recovery problems The boostei has cruise-back capability, 
and the flights could be conducted so as not to exceed ciuise-back 


+ 

I 

I 

i 


A 


A 




BOOSTER 


OR 81 T 6 R j 


NTeORATED 

SYSTEM 


REDUCED THRUST 
AERO/CONTROL ^ 
MAXrMUM qa 
PITCH TRANSITION 


REDUCED PROPELLANT 
LOAD 

AERO/CONTROL 
MAXIMUM qft 
PITCH TRANSITION 


INTERFERENCE EFFECTS 
STAGING 

PERFORMANCE ENVELOPE 
OPERATIONS TEST 


Figure 6 16 Verttc<xl Flight Test 


lange of the boostei Oibitei vertical flight tests will be somewhat 
constrained by the recoveiy pioblem Since the orbiter does not have 
ciuise capability, the flight-test trajectories must be compatible with 
the availability of appiopiiate down-range landing fields Orbiter 
tests could progress to increasing flight velocities, with landing at 
down-range sites at increasing distances from the launch sites The 
vehicle would then be flown back with a “strap-on” ferry kit that 
had air-breathing engines and fuel Prime puipose of these single- 
vehicle tests will be to verify the vehicle aeiodynamic and flight 
contiol characteristics and to demonstrate integrity of the heat 
shields and stiuctuie 


Major objectives of the integiated system tests would be to 
deteimine the interference effects of the mated vehicles up to the 
staging point The verification of the staging maneuvei is a majoi 
milestone m these tests The tests would also permit the full 
perfoimance envelope of the system to be explored Final tests 
would sunulate typical operational modes to establish the opeia- 
tionai readiness of the system These tests would establish the 
operational procedures to be used and would piovide fiim cost data 
on the piojected operational costs of the system This information 
would be vital to mission and payload plannets for planning use of 
the shuttle for future operations 


The summary progiam development plan is presented m 
Figure 6-17, with dates as specified for the Phase B study Phase C/D 
go-ahead is specified as 1 October 1971, and the date of initial 
opeiational capability is 1 October 1977 Major intermediate mile- 
stone dates are as indicated It is not anticipated that this schedule 
could be significantly comptessed Therefore, if the Phase C/D 
go-ahead slipped fiom the date shown, all milestone dates indicated 
would slip by the same time interval This is regatded as a tight, but 
realistic, schedule that could be met if funding is provided 
throughout as planned and no major program redirections are 
imposed as the piogram piogiesses 
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More detail on the baseline program development plan is given 
m Figure 6-18 Hardware manufacture will stait on both booster and 
orbiter vehicles m the second quarter of 1973, with first horizontal 
flights in the third quaiter of calendar 1975 Deliveries of production 
vehicles would commence m mid-1977, with vehicles delivered at 
six-month mteivals It is anticipated that three production boosteis 
and four production orbiter vehicles would be delivered at the times 
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shown to support an assumed operational piogram of 25 flights per 
year Additional vehicles would be delivered to support a higher rate 
of flights 
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7. SUMMARY 


The essential features of the Phase B shuttle piogtam have been 
piesented Also, some of the technical aspects of the baseline system 
have been discussed These baselines repiesent a going-in position, or 
a staitmg point, foi the study We will be endeavoring to impiove 
these initial approaches in order to develop a system that meets the 
performance, mission flexibility, and cost objectives that NASA has 
defined 

We have attempted to present here sufficient detail to indicate 
the majoi program issues associated with shuttle All design options 
and issue solutions aie not yet fully developed One of the main 
objectives of Phase B is to develop the best shuttle system through 
design, analysis, and test The thiee most ciitical issues that are being 
faced in the Phase B and thiough the shuttle development are 

1 Maintaining the vehicle weight taigets and, therefoie, the 
peifoimance capability that we currently predict 



2 Achieving the curiently projected total progiam, produc- 
tion, and operational costs 

3 Developing the system on a schedule consistent with the 
initial opeiational capability goals Meeting this target is 
most important Time is money and the unavailability of^ 
shuttle could have significant impact on othei manned and 
unmanned piograms 

Success m meeting these three objectives is directly related to 
the approach used in critical development or iisk areas The solutions 
to risk Items must be balanced off against the parameters of weight 
and perfoimance, cost, and schedule Examples of the major risk 
aieas seen at this time aie shown m the upper right quadiant of 
Figure 7-1 


Figure 7 i Most Gnttcdl Issues 

Through recent space piogiam achievements, industry and 
NASA have demonstrated the ability to meet performance and 
schedule goals despite many technology and management hurdles 
Thus, with confidence in these areas, it is now of utmost importance 
that we devote equal energy to improving our cost performance In 
the shuttle progiam, we aie implementing management techniques 
that will assure the cost and cost risk are included in all design and 
program decisions down to the component level We are confident 
this will lead to a shuttle design that meets the low development and 
operational cost objectives that have been established 

Theie is a common purpose in out meeting here today It is the 
combined development of an international shuttle By combined 
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development is meant the actual development of the hardware by the 
United States and European mdustiy under common direction from 


NASA 


At Space Division our team membeis have given considerable 
thought to potential systems that might be developed by European 
partneis These are categoiized m Figure 7-2 As will be seen, a wide 
spectrum of areas of participation has been considered, langing from 
avionics development to major propulsion system elements and 
piimaiy structure These items represent a substantial portion of the 
development program They also would provide a challenge from a 
management and technology development viewpoint In addition, it 
IS necessary to now start mission planning for non-U S payloads 
This IS lequired so that we can incoiporate at an early time the 
unique mission application and payload inteiface requirements that 
might be generated by European payloads 



Figure 7^2 Candidates for Participation 
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Figure 7 3 Timetable 


agreements soon if Euiopean industry is to be directly involved in 
the decisions and design details of Phase B Before the midpoint of 
the Phase B contract, i e , before the end of 1970, the requirements 
for launch of non-U $ paj loads should be integiated into the vehicle 
designs Approximately 12 months from now we will be selecting 
prime contractors for development of major subsystems on the 
shuttle These organizations will work with us in Phase C and on into 
the final development and operation of the shuttle vehicles As is also 
shown in the figure, decisions legaiding detailed specifications on 
non-U S payloads and final selection of subconti actors will piobably 
be required in 1971 

In summary (Figure 7-4) oui Phase A and in-house studies lead 
us to project with confidence that the baseline shuttles we had 
described today are technically feasible and can be developed to 
meet the low cost tiansportation objectives 

Through the Phase B contract, we will, during the next year, 
develop high confidence m our designs, their performance, and in our 
cost and schedule projections Finally, we believe that the shuttle 
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• PHASE A STUDIES HAVE SHOWN BASELINES TECHNICALLY 
FEASIBLE & WILL MEET LOW COST TRANSPORTATION 
OBJECTIVES 


• PHASE B WILL YIELD HIGH CONFIDENCE BECAUSE 

• PRELIMINARY DESIGNS 

• PER FORMANCE/MASS FRACTIONS 

• SOLUTIONS TO KEY ISSUES 

• COST SCHEDULE PROJECTIONS 

• THERE ARE REAL OPPORTUNITIES FOR INTERNATIONAL 
PARTICIPATION 


Figure 7 4 Summary 


will ultimately develop into the international space tiansportation 
system of the 70’s and 80’s We also feel that theie is a leal 
oppoitumty foi the Eutopean mdustries repiesented here today to 
become directly involved in the development of this most necessary 
next step towards the space piogiam of the future 
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